University of Windsor

Scholarship at UWindsor
Electronic Theses and Dissertations

Theses, Dissertations, and Major Papers

2012

The Genesis of PGE Mineralization in the River Valley Intrusion,
Ontario, Canada
Melissa Price
University of Windsor

Follow this and additional works at: https://scholar.uwindsor.ca/etd

Recommended Citation
Price, Melissa, "The Genesis of PGE Mineralization in the River Valley Intrusion, Ontario, Canada" (2012).
Electronic Theses and Dissertations. 356.
https://scholar.uwindsor.ca/etd/356

This online database contains the full-text of PhD dissertations and Masters’ theses of University of Windsor
students from 1954 forward. These documents are made available for personal study and research purposes only,
in accordance with the Canadian Copyright Act and the Creative Commons license—CC BY-NC-ND (Attribution,
Non-Commercial, No Derivative Works). Under this license, works must always be attributed to the copyright holder
(original author), cannot be used for any commercial purposes, and may not be altered. Any other use would
require the permission of the copyright holder. Students may inquire about withdrawing their dissertation and/or
thesis from this database. For additional inquiries, please contact the repository administrator via email
(scholarship@uwindsor.ca) or by telephone at 519-253-3000ext. 3208.

The Genesis of PGE Mineralization in the River Valley
Intrusion, Ontario, Canada
	
  
	
  
	
  
	
  
	
  
	
  
	
  
by
Melissa Price

A Thesis
Submitted to the Faculty of Graduate Studies
through the Department of Earth and Environmental Sciences
in Partial Fulfillment of the Requirements for
the Degree of Masters of Science at the
University of Windsor
Windsor, Ontario, Canada
2012

© Melissa Price, 2012
All Rights Reserved

The Genesis of PGE Mineralization in the River Valley Intrusion, Ontario, Canada
by
Melissa Price
APPROVED BY:

________________________________________
Dr. S.H. Eichhorn
Department of Chemistry and Biochemistry

________________________________________
Dr. C.T. Barrie
Department of Earth and Environmental Sciences

________________________________________
Dr. B.J. Fryer
Department of Earth and Environmental Sciences

________________________________________
Dr. I.M. Samson, Advisor
Department of Earth and Environmental Sciences

________________________________________
Dr. A. Polat, Chair of Defense
Department of Earth and Environmental Sciences

17 May 2012

Author’s Declaration of Originality
I hereby certify that I am the sole author of this thesis and that no part of this thesis has
been published or submitted for publication.
I certify that, to the best of my knowledge, my thesis does not infringe upon anyone’s
copyright nor violate any proprietary rights and that any ideas, techniques, quotations, or
any other material from the work of other people included in my thesis, published or
otherwise, are fully acknowledged in accordance with the standard referencing practices.
Furthermore, to the extent that I have included copyrighted material that surpasses the
bounds of fair dealing within the meaning of the Canada Copyright Act, I certify that I
have obtained a written permission from the copyright owner(s) to include such
material(s) in my thesis and have included copies of such copyright clearances to my
appendix.
I declare that this is a true copy of my thesis, including any final revisions, as approved
by my thesis committee and the Graduate Studies office, and that this thesis has not been
submitted for a higher degree to any other University Institution.

iv

Abstract
The 2.48 Ga, mafic, River Valley Intrusion hosts contact-style Cu-platinum group
element (PGE) mineralization. Magmatic sulphides comprise pyrrhotite ± chalcopyrite ±
pentlandite whereas hydrothermal sulphides comprise chalcopyrite ± pyrite ± marcasite.
The latter are more widespread, forming a halo up to 150 m from the mineralized zone,
and are intimately associated with replacement assemblages comprising 1) amphibole ±
chlorite ± epidote ± biotite ± quartz ± carbonate ± sodic plagioclase, and 2) K-feldspar +
chlorite + quartz ± amphibole ± muscovite ± sodic plagioclase. Platinum group minerals
(PGM) in magmatic sulphides are mostly moncheite and kotulskite. Most PGM,
however, occur with hydrothermal silicates and sulphides and are dominated by kotulskite
isomertieite, sperrylite, and un-named Pd- and Pt-alloys. Fluid-rock interaction has
caused widespread redistribution of base metals, sulphur and PGE. A lithogeochemical
hydrothermal dispersion halo, best defined by Cu, extends well into the hanging wall of
the mineralized zone.
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Chapter 1 - Introduction
Characteristics of contact-style platinum group element mineralization
Platinum group elements (PGE) are Group 8, 9 and 10 transition metals located in the
fifth and sixth periods of the periodic table and comprise ruthenium (Ru), rhodium (Rh),
palladium (Pd), osmium (Os), iridium (Ir) and platinum (Pt). The PGE tend to exhibit
both siderophile and chalcophile behaviour, preferring to form metallic bonds over ionic
bonds, and covalent bonds with sulphur, as opposed to ionic bonds with oxygen
(Mungall, 2005). Due to the siderophile behavior exhibited by the PGE, they were
concentrated in the Earth’s core during core segregation and tend to be depleted in the
Earth’s crust. Average PGE concentrations of the bulk silicate Earth are between 1 and 7
ppb (Mungall, 2005). Therefore, because PGE do not have high natural abundances in
the crust, they have to be concentrated to form an economically viable ore deposit. A
high-grade PGE deposit usually contains several parts per million (ppm) of Pt and Pd
combined. These concentrations reflect 1000x to 10000x those of normal crustal
concentrations (Mungall, 2005). Robb (2005) described several magmatic processes to
account for the enrichment of PGE including partial melting, fractional crystallization,
gravitational settling, liquid immiscibility and PGE clustering. Partial melting and
fractional crystallization can cause enrichment of incompatible trace elements into a melt
phase or a residual magma. Liquid immiscibility is a process that involves two liquids
(magma) that originally existed as a single liquid phase. The two liquids can have a
similar composition (silicate-silicate) or be different (silicate-sulphide). Sulphide
immiscibility is important for scavenging of PGE. Ballhaus and Sylvester (2000) state
that noble metals can be enriched due to gravitational settling of sulphide melt due to
density differences between silicate and sulphides liquids (e.g. Campbell et al., 1983;
Barnes et al., 1985; Naldrett et al., 1987). PGE clustering involves the formation of nanoscale aggregates (10-100 atoms; Schmid, 1994) by platinum group elements by metalmetal bonding. It has been proposed that the lighter PGE (Ru, Rh, Pd) will form clusters
that are less stable than those formed by heavier PGE (Os, Ir, Pt). The cluster model may
then explain the fractionation of PGE during ore deposit formation. Several workers also
claim that the presence of magmatic sulphides was necessary for the enrichment of noble
1

metals in the Merensky Reef since these metals typically occur as lattice substitutions in
the sulphides or have formed their own mineral phases which are intergrown with
magmatic sulphides (Vermaak and Hendriks, 1976; Ballhaus and Ryan, 1995; Ballhaus
and Ulmer, 1995; Ballhaus and Sylvester, 2000).
The term “contact-type mineralization” was first suggested by Peck et al. (1993) to
describe the PGE-rich sulphide mineralization within tens of metres of the basal contact
in the East Bull Lake intrusion. Barrie et al. (2002) defined contact-type mineralization
as generally having three main features: (1) a low sulphide content over an interval of
tens of meters, (2) ubiquitous gabbroic (and/or ultramafic) pegmatites, and (3) the
presence of magmatic breccias within and adjacent to the PGE-rich zones. Examples of
contact-style PGE mineralization include the Platreef in the Bushveld Igneous Complex
(South Africa), the Dunka Road deposit in the Duluth Complex (Minnesota), the
Suhanko-Konttijärvi deposit in the Portimo Complex (Finland), the Marathon deposit in
the Coldwell Complex (Ontario), and the East Bull Lake, Agnew Lake and River Valley
intrusions (RVI) in the EBLI suite (Ontario) (Peck et al., 2001; Barrie et al., 2002; Easton,
2003).
Contact-style mineralization differs from reef-style mineralization in that the latter forms
stratiform layers in layered mafic-ultramafic intrusions. The Merensky Reef in the
Bushveld Igneous Complex and the J-M Reef in the Stillwater Igneous Complex are
classic examples of reef-type mineralization (Naldrett, 1989). The River Valley Intrusion
(RVI) is a ~2.48 Ga mafic intrusion that belongs to the East Bull Lake Intrusive Suite.
The RVI hosts contact-style platinum group element (PGE)-Cu-Ni mineralization and is
the subject of this thesis.

Models for the genesis of contact-style PGE deposits
Mineralization in the EBLI suite has been compared with several other PGE deposits
including the Platreef deposit, the Dunka Road deposit and the Marathon deposit (Peck et
al., 2001; Barrie et al., 2002; Easton, 2003). The Lac des Iles deposit (Ontario) has also
been interpreted as a contact-style deposit, but recent work has suggested that this is a
2

hybrid deposit, showing characteristics of both contact-style mineralization and reef-style
mineralization (Hinchey et al., 2005).
A number of factors are common to genetic models that have been proposed for these
deposits (Brügmann et al., 1989; Watkinson and Ohnenstetter, 1992; Good and Crocket,
1994; Thériault and Barnes, 1998; Thériault et al., 2000; Harris and Chaumba, 2001;
Armitage et al., 2002; Barrie et al. 2002; Hinchey et al., 2005; Holwell et al., 2006). All
the models agree that the PGE must be concentrated somehow before emplacement and
sulphide liquid immiscibility can achieve this. In the R-factor model, PGE, Cu, Ni, etc.
are strongly partitioned into an immiscible sulphide melt from a silicate melt; for
example, Pt and Pd have Dsulphide liquid/silicate liquid (partition coefficient) values of 104 to 105
(see Mungall, 2005, for review). The higher the Dsulphide liquid/silicate liquid value, the more
compatible an element is with the sulphide liquid. The R-factor is the amount of sulphide
melt to silicate melt and the convection of sulphide liquid droplets in a silicate liquid and
the R-factor controls the Dsulphide liquid/silicate liquid (Campbell and Naldrett, 1979). What
causes sulphide liquid immiscibility is an important question, and many workers have
suggested that crustal contamination is a major cause of immiscibility (e.g. Naldrett et al.,
1992; Naldrett, 1999; Ripley et al., 2002, Arndt et al., 2005; Wang et al., 2007;
Ihnlenfeld, 2011).
Fractional crystallization of a sulphide liquid normally involves crystallization of
monosulphide solid solution (mss), producing a residual sulphide liquid. Monosulphide
solid solution is a solid solution melt that exists at high temperatures comprising of (Fe,
Ni)1-xS. When mss cools, it crystallizes to pyrrhotite and pentlandite (Naldrett and
Kullerud, 1967, Wang et al, 2005). Some PGE (Pt, Pd), along with Au and Cu would
partition preferentially into the residual sulphide liquid, i.e. they are incompatible with the
mss. However, Os, Ir, Ru and Rh are compatible with mss and will concentrate in the
mss (Makovicky et al., 1986; Fleet et al., 1993; Li and Barnes, 1996).
Fluids are common in most crustal environments and it has been stated that fluids can be
a factor in concentrating PGE (Brügmann et al., 1989; Watkinson and Ohnenstetter, 1992;
3

Barrie et al., 2002). For example, Watkinson and Ohnenstetter (1992) suggest that the
PGM formation at the Marathon deposit is from magmatic fluids. These fluids can be
magmatic or metamorphic (e.g., from dehydration of xenoliths and country rocks during
crustal contamination and partial melting; Barrie et al., 2002). However, there have been
a number of models proposed for hydrothermal (re)distribution of PGE, including brine
transport, vapour transport, and fluid-melt interaction (e.g. Ballhaus and Stumpfl, 1986;
Boudreau, 1999; Hinchey and Hattori, 2005; Peregoedova et al., 2006; Hanley et al.,
2008). Fluids can play a role under either suprasolidus or subsolidus conditions. While
the intrusion is in a suprasolidus state, fluids can concentrate incompatible elements from
the silicate magma and become progressively richer in these elements as they pass
through a partially crystallized intrusion; such a process is referred to as zone refining
(Brügmann et al., 1989; Barrie et al, 2002). After the intrusion has crystallized
(subsolidus) hydrothermal fluids can pass through the intrusion, remobilizing and
concentrating the PGE. For example, in the Platreef, the absence of PGE sulphides,
variability of PGE concentration over metres, PGM textural association with silicates and
the high number of low-temperature PGM cannot be explained by any magmatic model
and that the final distribution of PGE was controlled by fluids (Armitage et al., 2002).

Geochemical and mineralogical haloes
In exploring for mineral deposits, it is common practice to look for targets that are larger
than the actual deposit and that can be used as guides that may lead to the mineralization.
These targets may be characterized by mineralogical and/or geochemical changes in the
rocks around the deposit that show a trend or pattern that allow vectoring towards the
deposit. The processes by which haloes can be produced can be divided into two basic
types: primary haloes that are formed during emplacement of the mineralization and
secondary haloes that form subsequent to the mineralizing event(s). Possible mechanisms
for the formation of haloes in the RVI intrusion are summarized below (Barrie et al.,
2007).
Primary haloes can form during and immediately after intrusion crystallization. Fluid
percolation and zone refining after accumulation of sulphides in a cumulus pile
4

(Brügmann et al., 1989; Barrie et al. 2002) is one way to generate a halo around a massive
sulphide body. Subsolidus halo formation could be caused by water-rock interaction
during cooling (Schiffries and Rye, 1990; Jago et al., 1994; Farrow and Watkinson, 1996;
Armitage et al., 2002).
Haloes that formed from remobilization during metamorphism and deformation, after
crystallization of the intrusion are considered secondary. There are several ways in which
secondary haloes can form including physical remobilization of ore minerals,
remobilization and dispersion by metamorphic fluids and partial melting of sulphides
during high-grade metamorphism. Marshall et al. (2000) did not consider physical
remobilization an important process for significant mass transfer. Remobilization and
dispersion by metamorphic fluids can achieve significant mass transfer and deformation
is thought to facilitate this process by creating open space (i.e. fractures) (Marshall and
Gilligan, 1989; Marshall et al., 2000; Marshall and Spry, 2000). Partial melting of
sulphides during amphibolite- or granulite-facies metamorphism can also lead to
remobilization (Frost et al., 2002; Tomkins et al., 2004; Sparks and Mavrogenes, 2005).

Thesis Objectives
This thesis has two main objectives. The first is to understand the role of hydrothermal
fluids in the formation and evolution of PGE mineralization in the RVI. To address this
objective, it is necessary to classify the alteration assemblages and to determine the
distribution of PGE in the RVI. It is also important to determine if the origin of sulphides
and PGE-bearing minerals is magmatic or if hydrothermal and/or metamorphic processes
have affected these minerals. The second objective is to determine if there are
mineralogical and/or geochemical haloes present around the RVI mineralization that were
formed as a result of water-rock or water-magma interaction, and if so, to characterize
them. If these haloes exist, they may help in exploration for these types of deposits.

5

Geology
The East Bull Lake Intrusive Suite
The East Bull Lake Intrusive Suite is a series of mafic plutons that occur along the
boundary of the Archean Superior Province and the Proterozoic Southern Province (East
Bull Lake intrusion and Agnew Lake intrusion) and along the boundary of the Southern
Province and the Grenville Province, within the Grenville Front Tectonic Zone (River
Valley intrusion) (Fig. 1-1) (James et al., 2002a). The suite has been dated at between
2491 and 2475 Ma (Krogh et al., 1984; Ashwal and Wooden, 1989; Heaman,
unpublished, in Easton and Hrominchuk, 1999). These plutons are the eroded remnants
of layered sills that formed from tholeiitic, low Ti (~0.5 wt%), high Al (17-19 wt%)
magmas that were emplaced during a Paleoproterozoic rifting event that lasted for several
million years (Peck et al., 1995; Vogel et al., 1999; James et al., 2002b).

Figure 1.1. Location and regional geology for the East Bull Lake Intrusive Suite, Ontario,
Canada. The study area is located in the red box.
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The River Valley Intrusion
The River Valley Intrusion is located approximately 65 kilometres northeast of Sudbury,
Ontario, and is roughly 200 km2 in area (James et al., 2002a). The RVI has been
correlated to the other plutons in the East Bull Lake Intrusive suite based on age,
composition and setting (Hrominchuk, 1999; Hrominchuk, 2000). Ashwal and Wooden
(1989) report a Pb/Pb whole rock age date of 2562 ± 165 Ma by Pb/Pb. A U/Pb zircon
age of 2475 +2/-1 Ma was reported by Easton (2003). Hrominchuk (2002) described the
RVI as a pluton, which “intruded granitic, plutonic rocks (alkali feldspar granite and
syenite) and regionally folded migmatitic gneisses, but lies in fault-contact with Huronian
Supergroup metavolcanic and metasedimentary rocks”. In Dana Township (the location
of interest for this research), the pluton is shallow-dipping, layered, and approximately
900 m thick (James et al., 2002b).
The northwest part of the intrusion, in Dana Township, was described as being the bestpreserved portion, with little metamorphic overprinting, whereas, to the southeast,
metamorphism occurred at higher grades and can obscure the original igneous mineralogy
(PFN staff, pers. comm., 2005). Dominant rock types include leuconorite and
leucogabbro; gabbro, anorthosite and ultramafic rocks are less abundant (Ashwal and
Wooden, 1989) (Fig. 1.2). The pluton is cut by mafic dikes that have been geochemically
correlated with the Matachewan and Hearst dike swarms, and by felsic intrusive rocks
that are coeval with Huronian Supergroup volcanics (Easton, 2003). Along the Grenville
Front, the RVI is either in thrust contact with quartzite of the Mississagi formation or is in
unknown contact with mafic and felsic metavolcanic rocks of the lower Huronian
Supergroup (Easton, 2003).
Hrominchuk (2000) and James et al. (2002a) divided the RVI north of the Sturgeon River,
where the study area is located, into five zones (Fig. 1.3). From base to top these are: the
Marginal Zone; the Inclusion and/or Fragment-bearing Zone; the Layered Olivine
Gabbronorite Zone; the Layered Gabbronorite Zone, and the Leucogabbronorite zone.
Jobin-Bevans (2004) developed two stratigraphic sections: one is a generalized section of
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the RVI and the other is a section of the Marginal Zone, specific to the Dana Lake area
(Fig. 1.3).

Figure 1.2. Geological map of the River Valley Intrusion displaying typical stratigraphic
units and Ni-Cu-PGE occurrences. Note, contact zone between intrusive rocks and host
rocks in red.
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Figure 1.3. Stratigraphy of the River Valley Intrusion with a detailed stratigraphic column
of the Marginal Series where the main mineralization in the RVI occurs at the Dana Lake
zone (modified from Jobin-Bevans, 2004).

Sulphide and PGE mineralization in the East Bull Lake Intrusive Suite
The mineralization in the EBLI suite has been described as “PGE-rich sulphide
mineralization” by several workers (Peck et al., 1995; Hrominchuk, 1999; Hrominchuk,
2000; Peck et al., 2001; James et al., 2002a; James et al., 2002b). This description
appears to have been based on the association of high PGE concentrations with visible
sulphides, and the positive correlation between whole-rock PGE and S concentrations,
although Peck et al. (1995) noted that the presence of pyrite is generally correlated to low
PGE concentrations. On the other hand, James et al. (2002a) stated that, in the Agnew
Lake intrusion, some samples have high concentrations of PGE but contain less than 100
ppm of S, suggesting that not all of the PGE mineralization is linked to S content (or
sulphide mineralization) (Vogel et al., 1999). Although these studies describe the general
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character of the mineralization, the mineralogical location of the PGE and the exact
nature and origin of the PGE-bearing minerals and their relationship to sulphides remains
unknown as no detailed petrographic and mineralogical studies have been carried out.
Sulphide mineralization in the East Bull Lake intrusion is described as disseminated to
massive and is best developed in the Inclusion-Bearing zone near the contact (James et
al., 2002a). Sulphide mineralogy comprises chalcopyrite and pyrrhotite with lesser
pentlandite and occurs as irregular-shaped sulphide blebs, typically 5 mm - 5 cm in
diameter (Peck et al., 2001, James et al., 2002a). The Parisien Lake deformation zone
within the EBL intrusion hosts structurally-controlled disseminated to massive sulphides.
The sulphide mineralogy is pyrrhotite and lesser chalcopyrite, pyrite and pentlandite and
this mineralization is intergrown with alteration minerals including quartz, amphibole,
chlorite and magnetite (Peck et al., 2001, James et al., 2002a). Peck et al. (2001) and
James et al. (2002a) interpret the association of these sulphides with alteration minerals as
mineralization that formed due to the circulation of hydrothermal fluids through a shear
zone that dissolved previously crystallized PGE-rich sulphide mineralization and formed
secondary mineralization in the dilatant zones. James et al. (2002a) summarized the
sulphide mineralization at Agnew Lake as being finely disseminated, blebby chalcopyrite
and pyrrhotite with trace pentlandite. Mineralization occurs near the margins of the
pluton in the Marginal Leucogabbronorite and Inclusion-bearing Gabbronorite zone.
Although there is general agreement that the mineralization was formed from magmatic
processes, some have provided evidence that contradicts this. James et al. (2002a) states
that the sulphides show high concentrations of “low-melting point” PGE (i.e., Pd, Pt)
suggesting low temperatures of formation. However, “low-melting point” is never
defined. As described above, Peck el al. (2001) noted structurally-controlled sulphides in
the Parisien Lake deformation zone of the EBL intrusion. Water-rock interaction during
metamorphism is also thought to have played a minor role in remobilizing some PGE into
structurally controlled PGE-rich massive sulphides (Peck et al., 2001). Over 90% of the
platinum group minerals identified in a preliminary PGM study of EBL intrusion rocks by
Peck et al. (1993, 1995, 2001) were Pd-Te-Bi-Pt minerals that are interpreted to reflect
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metamorphic, rather than magmatic, conditions. The above suggests that water-rock
interaction played a role in distributing the PGE mineralization.

Sulphide and PGE mineralization in the River Valley Intrusion
Hrominchuk (2002) considered “highly anomalous” PGE concentrations at River Valley
to be >10 g/t. Samples with such values have been found in the RVI associated with
semi-massive Cu-Ni mineralization near the contact of the intrusion. The sulphides occur
as disseminated blebs and usually consist of chalcopyrite and pyrrhotite. The inclusionbearing zone also has anomalous Cu-Ni-PGE mineralization that occurs as disseminated
to semi-massive sulphides (Hrominchuk, 2000). Sulphides also occur in veins, usually
with quartz. There does not appear to be a direct correlation between sulphides and PGE
mineralization, but there may be a correlation between Cu and PGE (pers. comm., PFN
staff, June 2005). In the RVI, James et al. (2002a) described the PGE-rich disseminated
sulphide mineralization as being best developed in the Inclusion-Bearing zone, although it
is also present in the Marginal and Lower Series. Sulphides tend to consist of
chalcopyrite and pyrrhotite, and generally exhibit a blebby, disseminated texture.
However, sulphides are also found as vein-filling minerals. James et al. (2002a, 2002b),
Hrominchuk (1999), Jobin-Bevans (2004) and Jobin-Bevans and Keays (2005) postulated
a magmatic origin for PGE mineralization in the EBL as a whole, and for the RVI
specifically. Hrominchuk (1999) suggested that S-saturation occurred because of
contamination of footwall fragments into the Marginal Series of the intrusion. However,
James et al. (2002b) proposed that since the Breccia Unit (part of the Marginal Series, and
the unit which contains the best PGE mineralization) has the smallest proportion of
footwall inclusions, and the footwall has low Au, Pd and Pt concentrations, chemical
contamination from the footwall may not be a controlling factor on mineralization. James
(2004) identified several platinum group minerals from 12 RVI samples (summary from
Jobin-Bevans, 2004) (Table 1.1).
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Table 1.1: Platinum group minerals (PGM) found in RVI samples (Jobin-Bevans, 2004).
Mineralized zone
PGM types
Azen Creek
Pt-Te±Bi,Fe; Pd-S
Dana Lake
Pt-alloy; Pd-Bi-Te; PtAs; PdAsSb
Lismer’s Ridge
PtAs; PdSe; PdAs; RhPtAsS; PdTe;
PdAsSb
Razor
Pd-Bi-Te

Models for sulphide and PGE mineralization in the East Bull Lake Intrusive
Suite
Proposed models for the formation of the mineralization in the EBLI suite suggest a
magmatic origin for the contact-style PGE mineralization. Peck et al. (2001) propose
these constraints for the origin of the contact-style PGE mineralization: 1) EBL intrusion
parental magmas were formed from primary liquids that were PGE-rich and had low S
and Ti; 2) when this primary liquid crystallized, the buoyant Al-rich magma remaining
fed the EBL intrusion; 3) the crystallization of plagioclase controls chemical variation
across the EBL intrusion; 4) prevalent PGE-rich sulphide mineralization occurs in the
Lower Series; 5) variations in PGE and Cu/Ni ratios occur within different rock types and
stratigraphic position; 6) high PGE concentrations are locally developed and tend to
comprise low melting point platinum-group elements (Pd, Pt); 7) Cu-rich sulphides (e.g.
chalcopyrite) are the norm and do not represent a monosulphide solid solution.
Peck et al. (2001) used batch equilibrium models to test whether a single immiscible
sulphide liquid can explain the PGE-rich sulphide mineralization. Using an estimation of
the parental magma composition, they attempted to determine if the variation in average
sulphide liquid composition could be explained by one parental magma. Using the Rfactor equation of Campbell and Naldrett (1979), and several different experimental
distribution coefficients, Peck et al. (2001) modeled four different sulphide liquid
compositions. They could not, however, explain some of the chemical variations in the
sulphide mineralization with a single parental magma. For example, Pd/Pt ratios were in
some cases too high to be explained by this simple model.
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Peck et al. (2001) also used a two-stage fractional crystallization model as an attempt to
explain the variations of the PGE-rich sulphide mineralization by fractional crystallization
of sulphide melts. Using a calculated parent silicate magma composition and an average
R-factor, both of which were calculated from the batch equilibrium model above, they
determined that three steps were required for an ideal model. In stage (i), an immiscible
sulphide liquid formed from the parental magma with an R-factor of 6600 and resulted in
the majority of the contact-style PGE mineralization, except in pyroxenitic pods. In stage
(ii), a residual silicate magma formed when approximately 35% of plagioclase had
crystallized; this residual magma represents the parental magma to pyroxenitic pods. A
small amount of the sulphide liquid formed in stage (i) was removed and the remaining
sulphide liquid re-equilibrated with the silicate magma. The silicate magma was enriched
in base metals but depleted in PGE, as the PGE presumably partitioned into the sulphide
liquid from stage (i). Finally, the resultant Fe- and Mg-rich residual silicate magma
cooled below the liquidus of mss such that the second sulphide liquid fractionated into
Ni-rich mss and Cu-rich residual sulphide melt. The Ni-rich mss mineralization
component is not identified in the study. The Cu-rich residual sulphide melt is what
constitutes the bulk of the mineralization.
Peck et al. (2001) also suggested that sulphur saturation of the parental magma prior to
magma emplacement is key to the development of contact-style mineralization at the
EBLI intrusion. Possible feeder dikes and gabbroic veins are enriched in PGE (can be
excess of 1 ppm Pd and Pt) (Peck et al., 1995) and suggests that chalcophile elements
were concentrated in parental magmas due to sulphur saturation. Peck et al. (2001) stated
that, together, these models explain the compositional variation seen in the sulphide
mineralization in the EBL intrusion from the Lower and Marginal Series.

Model for sulphide and PGE mineralization in the River Valley Intrusion
Jobin-Bevans and Keays (2005) proposed a 4-stage model for PGE mineralization in the
River Valley Intrusion. Stage 1 saw the interaction of sulphur-undersaturated primitive
magma and the country rocks, resulting in the assimilation of crustal sulphur into the
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parental magma. This caused sulphur saturation and the segregation of PGE-rich
sulphides. Chamber stratification occurred with dense, mafic material settling towards
the bottom of the chamber and lighter, feldspathic material rising to the top of the
chamber. Mafic cumulates would crystallize and are represented by fine-grained mafic
xenoliths in the Breccia Unit. PGE-rich sulphides visible in the breccia fragments
probably crystallized at this stage. In stage 2, additional injections of S-undersaturated
magma occurred and mixed with the S-saturated magma present from stage 1. This led to
the further segregation of sulphide liquid into the S-saturated magma and PGE would
continue to partition into the sulphide liquid in the S-saturated magma. The S-saturated
magmas were removed from the chamber due to displacement caused by the introduction
of more S-unsaturated magma. These S-saturated magmas would later form the PGE-rich
sulphides in the matrix of the Breccia Unit. During the third stage, PGE-rich sulphide
droplets remained in the S-saturated magma while the magma rose through the crust after
being ejected from the chamber. Little of the sulphur from sulphide droplets dissolved in
the magma, which led to the droplets interacting with silicate liquid and drawing more
PGE into the sulphide liquid. In stage 4, magmas were situated into their final magma
chambers and the silicate magmas co-precipitated with the S-saturated-PGE-rich sulphide
droplets to make up the matrix of the Breccia Unit. This model is one explanation for the
presence of sulphide in both the fragments and matrix as there is almost as much sulphide
in the matrix of the Breccia Unit as fragments (Jobin-Bevans and Keays, 2005). This
model assumes that all of the mineralization, in both the matrix and the fragments, is
magmatic in origin.

Resource estimate for the River Valley intrusion
Measured and indicated resources are 30.5 million tonnes, with grades of 0.97
grams/tonne (g/t) Pd, 0.34 g/t Pt and 0.061 g/t Au, based on a cut-off grade of 0.7 g/t
Pt+Pd (Table 1.2) (Londry and Simpson, 2006). Measured and indicated resources are
19.3 million tonnes, with grades of 1.18 g/t Pd, 0.39 g/t Pt and 0.07 g/t/ Au, based on a
cut-off grade of 1.0 g/t Pt+Pd (Table 1.3) (Londry and Simpson, 2006).
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Table 1.2. Measured and indicated resources for the River Valley intrusion with a cut-off
grade of 0.70 g/t Pt + Pd (Londry and Simpson, 2006).
Measured Resources (cut-off grade 0.70 g/t Pt + Pd)
Tonnes
Au
Pt
Pd
Cu
Ni
Pt+Pd
Deposit
000’s
g/t
g/t
g/t
%
%
g/t
Dana North
2623
0.080
0.428
1.327
0.12
0.02
1.755
Dana South
1496
0.100
0.625
2.122
0.16
0.03
2.747
Lismer’s Ridge
4411
0.062
0.357
0.982
0.10
0.02
1.339
Lismer North
Varley
Total/Average
8530
0.074
0.426
1.288
0.12
0.02
1.714
Indicated Resources (cut-off grade 0.70 g/t Pt + Pd)
Tonnes
Au
Pt
Pd
Cu
Ni
Pt+Pd
Deposit
000’s
g/t
g/t
g/t
%
%
g/t
Dana North
5881
0.054
0.278
0.777
0.09
0.02
1.055
Dana South
3516
0.071
0.380
1.229
0.11
0.02
1.609
Lismer’s Ridge
7439
0.046
0.255
0.667
0.08
0.02
0.922
Lismer North
1333
0.058
0.316
0.911
0.11
0.03
1.227
Varley
3855
0.059
0.345
0.939
0.07
0.02
1.283
Total/Average
22024
0.055
0.300
0.848
0.09
0.02
1.149
Measured + Indicated Resources (cut-off grade 0.70 g/t Pt + Pd)
Tonnes
Au
Pt
Pd
Cu
Ni
Pt+Pd
Deposit
000’s
g/t
g/t
g/t
%
%
g/t
Dana North
8504
0.062
0.324
0.947
0.10
0.02
1.271
Dana South
5012
0.079
0.453
4.96
0.13
0.02
1.949
Lismer’s Ridge
11850
0.052
0.293
0.784
0.09
0.02
1.077
Lismer North
1333
0.058
0.316
0.911
0.11
0.03
1.227
Varley
3855
0.059
0.345
0.939
0.07
0.02
1.283
Total/Average
30554
0.061
0.335
0.971
0.10
0.02
1.306
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Au+Pd+Pt
g/t
1.835
2.847
1.401
1.788
Au+Pd+Pt
g/t
1.109
1.680
0.968
1.285
1.342
1.204
Au+Pd+Pt
g/t
1.333
2.028
1.129
1.285
1.342
1.367

Table 1.3. 2006 measured and indicated resources for the River Valley intrusion with a
cut-off grade of 1.00 g/t Pt + Pd (Londry and Simpson, 2006).
Measured Resources (cut-off grade 1.00 g/t Pt + Pd)
Tonnes
Au
Pt
Pd
Cu
Ni
Pt+Pd
Deposit
000’s
g/t
g/t
g/t
%
%
g/t
Dana North
2523
0.082
0.435
1.354
0.12
0.02
1.790
Dana South
1495
0.100
0.626
2.122
0.16
0.03
2.748
Lismer’s Ridge
3976
0.064
0.368
1.018
0.10
0.02
1.385
Lismer North
Varley
Total/Average
7994
0.076
0.437
1.331
0.12
0.02
1.768
Indicated Resources (cut-off grade 1.00 g/t Pt + Pd)
Tonnes
Au
Pt
Pd
Cu
Ni
Pt+Pd
Deposit
000’s
g/t
g/t
g/t
%
%
g/t
Dana North
3067
0.061
0.320
0.920
0.09
0.02
1.240
Dana South
3304
0.072
0.389
1.266
0.11
0.02
1.655
Lismer’s Ridge
2140
0.054
0.302
0.824
0.09
0.02
1.127
Lismer North
716
0.071
0.394
1.183
0.13
0.03
1.577
Varley
2082
0.075
0.448
1.224
0.09
0.02
1.671
Total/Average
11309
0.066
0.365
1.076
0.10
0.02
1.441
Measured + Indicated Resources (cut-off grade 1.00 g/t Pt + Pd)
Tonnes
Au
Pt
Pd
Cu
Ni
Pt+Pd
Deposit
000’s
g/t
g/t
g/t
%
%
g/t
Dana North
5590
0.070
0.372
1.116
0.11
0.02
1.488
Dana South
4800
0.080
0.463
1.533
0.13
0.02
1.995
Lismer’s Ridge
6116
0.060
0.345
0.950
0.10
0.02
1.295
Lismer North
716
0.071
0.394
1.183
0.13
0.03
1.577
Varley
2082
0.076
0.448
1.224
0.08
0.02
1.672
Total/Average
19303
0.070
0.395
1.181
0.11
0.02
1.576
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Au+Pd+Pt
g/t
1.871
2.848
1.449
1.844
Au+Pd+Pt
g/t
1.301
1.727
1.180
1.648
1.747
1.506
Au+Pd+Pt
g/t
1.558
2.076
1.356
1.648
1.747
1.646

Chapter 2 – Methodology
Sampling and Field Observations
The majority of samples were collected from the Pacific Northwest Capital Corp. (PFN)
core inventory. Approximately 300 samples were collected from 14 drill holes from most
of the mineralized zones at River Valley (Table 2.1). In addition, surface relationships
were assessed, and samples collected, at the Dana Lake North and Dana Lake South
stripped areas (66 samples). The other mineralized areas are not as accessible as Dana
Lake and were not examined or sampled.
Table 2.1. Samples collected from River Valley.
Mineralized zone
Core name
Dana North
DL54
Dana North
DL106
Dana South
DL85
Dana South
DL68
Dana South
DL64
Casson
CA06
Lismer’s Ridge
LR142
Varley
VA67
Spade Lake
AZ12
Spade Lake
SL01
Spade Lake
SL03
Azen
VE22
Jackson Flats
JFDP2
Razor
RA03
Dana Lake North and
South field samples

Number of samples
14
17
49
40
31
17
16
10
10
8
17
12
19
15
66

General logging of most cores identified features such as shears, veining, silicification,
alteration and mineralization. Samples of both unaltered samples and samples with
secondary features were collected. Core logging for cores DL85, DL64 and DL68, from
section 125SE at Dana North, was more detailed than for other holes. The logging was
more detailed to determine the distribution of alteration, vein types and deformation
within three holes that have good PGE mineralization. DL-85 and DL-68 intersect a
diabase body near the top of the holes, and so logging covered the section from the
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diabase body to the bottom of the holes. A total of 614 m of core was described, and 120
samples were collected (approximately every 5-10 m) for petrographic and geochemical
analysis (Appendix I). The vein and alteration distribution was determined by counting
and measuring the widths of the various types of veins and alteration patches present.
Vein and alteration densities were determined by the sum of the width of each feature
over a given interval. In addition, the widths of shear zones were measured.

Petrography and Mineral Chemistry
Polished thin and thick sections were prepared from field and core samples (total of 123).
Each core sample and section was photographed and mineralogy and textures was
determined (Appendix II). The petrography was performed using an Olympus BX51
polarizing transmitted/reflected light microscope. Platinum group minerals and other
phases that were difficult to identify using traditional microscopy were identified and
analyzed to determine their chemistry using an FEI Quanta 200f Field Emission Scanning
Electron Microscope coupled with an EDAX Energy Dispersive Spectrometer (EDS).
This instrument was also used to determine the chemical composition of a variety of other
minerals. EDS analyses were performed under high-vacuum, a beam size of ~3.2 µm,
accelerating voltage of 20 kV, counting time of at least 40 s and an approximate working
distance of 12 mm. Peak positions on the EDS were calibrated using pure metal
standards (Cu and Al). Host minerals to PGM were also analyzed to eliminate possible
contamination of the PGM analyses.
To determine the accuracy of the SEM-EDS analyses, representative analyses of PGM
were performed using an electron microprobe (EPMA). The EPMA measurements were
carried out the University of Michigan Electron Microbeam Analysis Laboratory (EMAL)
using a CAMECA SX100 that includes 5 x-ray wavelength dispersive spectrometers
(WDS). Operating conditions for the PGM included an accelerating voltage of 20 kV,
sample current of 10 nA, counting time of 20 s and an electron beam diameter of 2 µm.
The standards used for the WDS analyses of PGM were: pure metals (Pd, Pt, Au, Ag, Bi,
Te, Sb), As on arsenopyrite (S: 21.03%, Fe: 34.51%, As: 44.44%) and Rh on synthetic
CeRhSn (Ce: 38.7376%, Rh: 28.4493%, Sn: 32.8131%). There is a good correlation
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between EDS and WDS analyses of PGM and EDS-determined concentrations of PGE
are generally within 10% of concentrations determined by WDS (Appendix III).
Operating conditions for silicate minerals included an accelerating voltage of 15 kV,
sample current of 15 nA and counting time of 20 s. Mineral standards were used to
calibrate the WDS analyses. In order to assess the accuracy of SEM-EDS analyses of
silicates, a series of analyses were performed using EPMA-WDS on the same spots as
were analyzed by EDS. Figure 2-1 illustrates that all cations are over-estimated in the
SEM-EDS analyses. Regardless of the cation being analyzed, there is a good linear
correlation (r = 0.998) between element concentration and the degree of overestimation
(Fig. 2-2), with Si representing the greatest difference (up to 9 wt% for Si in amphibole).
Taken together, these two observations indicate that the error results from an
underestimation of oxygen in the EDS analyses (Fig. 2-1). The consequence of this error
for mineral stoichiometry calculations, however, is not significant. For example, the
difference in the calculated Si in amphibole between EDS and WDS data averaged 0.25
a.p.f.u.).
Silicate mineral stoichiometry (plagioclase, amphibole, epidote, K-feldspar, garnet,
biotite, chlorite) was calculated using spreadsheets created by J. Brady and D. Perkins
(http://serc.carleton.edu/research_education/equilibria/mineralformulaerecalculation.htm).

Data

collected from SEM-EDS was used to calculate mineral formulae. Iron data collected
from SEM-EDS was reported as total iron as these types of analyses do not differentiate
between the valence states of iron. The spreadsheets used to calculate pyroxene, feldspar
and garnet stoichiometry assumes that total Fe = Fe2+ and recalculates the proportion of
Fe3+ based on the assumption that cation sites are full. For the amphiboles, it was
assumed that the T-site (Si+Al) was full (8 a.p.f.u.) and the other sites were filled based
on this assumption. Iron only fills the X-site (Al + Mg + Fe) and Fe2+ and Fe3+ were
calculated based on charge balance. Biotite mineral stoichiometry was calculated
assuming that the biotite did not contain a phengite component and that the total Si
a.p.f.u. is 3. The Fe2+ and Fe3+ components in biotite were calculated based on charge
balance.
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Figure 2.1. Box-whisker plot of the weight percent difference of elements measured with
SEM-EDS and EPMA-WDS.

Figure 2.2. Plot of cation concentrations measured by SEM-EDS versus concentration
measured by EMPA-WDS. The black line is the one-to-one line. The red line is a linear
regression through the data (regression equation is shown at the top). Cations are
systematically overestimated using EDS, with the degree of overestimation varying
linearly as a function of cation concentration.
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Whole-rock geochemistry
Whole rock geochemical data for all samples was provided by Pacific Northwest Capital
and included data for Au, Pt, Pd, Cu, Ni and S. The sample size for their assay work was
either 0.5 m core lengths or 1 m core lengths. Three cores were selected for additional
whole rock geochemical analyses (DL85, DL64, DL68 on section 125SE at Dana North)
and were sampled over 5-10 m intervals. A representative suite of 108 samples was
analyzed for most elements using either ICP-AES or ICP–MS after four acid digestion
(Appendix V). Precious metals (Au, Pt, and Pd) were obtained by fire-assay, and F and
Cl were analyzed by ion-specific electrode. All analyses were performed by SGS Canada
Inc. The core intervals analyzed were, on average, 20 cm long and were selected based on
type of visible alteration, veins and shears. Representative unaltered samples were also
selected.
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Chapter 3 - Results
Primary assemblages
The host rocks to the mineralization are mainly gabbros, with lesser gabbronorites and
anorthosites (Fig. 3.1A, 3.1B). In most rocks, the original igneous mineralogy and
textures are preserved, albeit to varying degrees. Where unaltered or partially altered,
the gabbros comprise subhedral laths of plagioclase, with interstitial, subhedral to
anhedral clinopyroxene (augite) grains with lesser amounts of orthopyroxene (average
En66-69) and olivine (Fig 3.1C). Magnetite and ilmenite are typically present with primary
minerals and occur as disseminated, single crystals (common) or as mineral aggregates
(rarer) between plagioclase and pyroxene.

Replacement assemblages
All gabbros are replaced to varying degrees by secondary assemblages. In general,
replacement minerals are more abundant in the eastern part of the intrusion (Varley,
Razor, etc.) than in those in the west (Dana Lake, Casson). There are two replacement
assemblages at River Valley:
1. Amphibole ± chlorite ± epidote ± biotite ± quartz ± carbonate ± sodic plagioclase
2. K-feldspar + chlorite + quartz ± amphibole ± muscovite ± sodic plagioclase
Amphibole ± chlorite ± epidote ± biotite ± quartz ± carbonate ± sodic plagioclase
This replacement assemblage is ubiquitous across the study area, and occurs as fracturecontrolled replacement (Fig. 3.2A, 3.2C), patchy or pervasive replacement (Fig. 3.2E) or
as reaction rims at grain boundaries. This assemblage is found replacing both breccia
matrix and fragments. Breccia matrices, regardless of composition, typically have a
higher abundance of these replacement minerals than either leucogabbro or gabbro
fragments. In some cases, patchy replacement cross-cuts breccia matrix-fragment
boundaries (Fig. 3.2B). Generally, sulphides are also associated with this alteration
assemblage, and are described in detail below.
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Figure 3.1. Examples of igneous lithologies at River Valley. A) Magmatic breccia with
fine-grained gabbro fragments enclosed in a coarse-grained leucocratic gabbro matrix
(Dana Lake North); B) Stringers of leucocratic matrix cross-cutting fine-grain gabbroic
fragments (Dana Lake North); C) Gabbro with clinopyroxene (Cpx) and orthopyroxene
(Opx) interstitial with plagioclase (Pl) (PPL) (Jackson’s Flats).
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This assemblage has extensively and principally replaced clinopyroxene. The degree of
replacement ranges from patchy and incomplete, to the eradication of clinopyroxene. In
rare cases, complete replacement resulted in pseudomorphs, but more typically, original
crystal boundaries are obscured. Patchy and pervasive replacement of clinopyroxene
generally comprises medium-grained amphibole crystals in a fine-grained chlorite ±
epidote matrix. Sodic plagioclase and carbonate minerals are present in this assemblage
and, like epidote, are fine-grained and disseminated between amphibole and chlorite
crystals. Thin reaction rims may also form at pyroxene-plagioclase or pyroxene-pyroxene
grain boundaries. Such reaction rims have been found in Jackson’s Flats, Azen, Razor
and Spade Lake. These rims can be simple, and comprise fine-grained chlorite and
amphibole (Fig. 3.2F, 3.3A), but some can be more complex and comprise biotite,
carbonate, chalcopyrite and/or epidote, in addition to amphibole and chlorite (Fig. 3.3B,
3.3C). Thicker reaction rims are zoned mineralogically (Fig. 3.3B, 3.3C). A detailed
analysis of one zoned rim from Jackson’s Flats showed that zoning comprises (from
outside grain edge to centre):
anorthite → labradorite → amphibole (finer grained → coarser grained) → chlorite +
quartz → clinopyroxene
Replacement of plagioclase by this assemblage also occurs across the study area, in all
mineralized zones. However, plagioclase is less altered than pyroxene and, in a typical
sample, plagioclase replacement has only occurred where the degree of pyroxene
replacement is high. The character of the replacement is similar to that of pyroxene:
medium grained, intergrown amphibole, chlorite and occasionally, epidote and sodic
plagioclase. In some areas, plagioclase can be completely replaced by amphibole and/or
chlorite and epidote (Fig. 3.2E). Typically, epidote replacement of plagioclase is more
prevalent than epidote replacement of pyroxene. Replacement of plagioclase is more
intense at plagioclase-pyroxene boundaries and through the plagioclase crystals along
fractures (Fig. 3.2F). Epidote is not as prevalent at Spade Lake (in the south of the
intrusion) than in the other mineralized zones.
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Figure 3.2: Examples of amphibole ± chlorite ± epidote ± biotite ± quartz ± carbonate ±
sodic plagioclase alteration assemblage. A) Fracture-related amphibole alteration with
alteration selvage in gabbro (Jackson’s Flats); B) Patchy alteration superimposed across
matrix-fragment boundaries (Dana Lake North); C) Fracture-related chlorite-amphibole
alteration in gabbro (Dana Lake North); D) Quartz + amphibole alteration (Dana Lake
North); E) Amphibole (Amp) and epidote (Ep) replacing plagioclase (Lismer’s Ridge
zone) (PPL); F) Amphibole alteration along clinopyroxene (Cpx) and plagioclase (Pl)
boundaries and through Pl and Cpx fractures (Jackson’s Flats) (PPL).
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Figure 3.3. Alteration rims comprised of assemblage 1 minerals. A) Amphibole rim
around clinopyroxene and orthopyroxene in a relatively unaltered sample (Jackson’s
Flats) (PPL); B) Amphibole + chlorite + albite (+ garnet) rim developed in clinopyroxene
(Azen) (PPL); C) Amphibole + chlorite + muscovite + albite + quartz (+ garnet, Grt)
reaction rim around clinopyroxene (Cpx) and plagioclase (Pl) (Azen) (left: PPL; right:
BSE).
Quartz is occasionally present within this assemblage, and typically occurs as finegrained crystals intergrown with amphibole and other replacement minerals. Quartz can
also occur as large patches of silicification (i.e. complete replacement by quartz). In drill
core, silicification typically occurs as 1-30 cm patches and usually also includes
amphibole (Fig. 3.2D). Quartz is more prevalent in the Dana Lake area and not at all
common in Spade Lake.
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Biotite occurs in this assemblage in all zones except Dana Lake, but has been reported in
the latter by Jobin-Bevans (2004) and James et al. (2002b). It occurs inter-grown with
amphibole and chlorite but in subordinate amounts to these two minerals, and is more
common in the east of the intrusion than the west. Biotite tends to be coarser-grained
than amphibole or chlorite and typically occurs as patches with amphibole and chlorite
(Fig. 3.4A, 3.4B).
In general, the proportions of minerals in this assemblage vary across the property. For
example, in the Razor core, one sample contains only amphibole in thin rims around
pyroxene and plagioclase, and in the other sample, the pyroxene is completely replaced
by amphibole, chlorite and quartz, and most of the original mineralogy is eradicated.
These samples are 20 m apart. Another example is that epidote and quartz are not as
abundant in Spade Lake (in the south of the intrusion) as in other zones.
Potassium feldspar + chlorite ± quartz ± amphibole ± muscovite ± sodic plagioclase ±
epidote
This replacement assemblage has only been identified at Dana Lake, in the northern part
of the intrusion, where it is not widespread but can occur in any unit. Typically, this
assemblage occurs in patches (Fig. 3.5A, 3.5C) and anastomosing, irregular zones (Fig.
3.5B) that range from tens of centimetres to several metres in width. Primary silicates
have been altered to fine-grained potassium feldspar, muscovite, and chlorite, giving the
rocks an orange, mottled look (Fig. 3.5D, 3.5E). Complete pseudomorphs of potassium
feldspar are common and have replaced both clinopyroxene and plagioclase (Fig. 3.5F).
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Figure 3.4. Examples of assemblage 1 + biotite. A) Patchy amphibole (Amp) + biotite
(Bt) + chlorite (Chl) + carbonate (Cb) replacement of plagioclase (Pl) (Jackson’s Flats)
(PPL); B) Amphibole (Amp) + chlorite (Chl) and biotite (Bt) replacement of plagioclase
(Pl) (Varley) (PPL); C) Amphibole (Amp) replacement by late-stage biotite (Bt)
(Casson) (PPL).
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Figure 3.5. Examples of the Potassium feldspar + chlorite ± quartz ± amphibole ±
muscovite ± sodic plagioclase ± epidote alteration assemblage. A) K-feldspar + quartz
alteration patch within gabbro (Dana Lake); B) K-feldspar veins cross-cutting all
alteration and sulphide mineralization (Dana Lake); C) K-feldspar (Kfs) + quartz (Qz) +
epidote (Ep) + chlorite (Chl) + amphibole (Amp) alteration patch in leucogabbro (Dana
Lake); D) K-feldspar + chlorite + quartz pervasive alteration with fine-grained
disseminated sulphides completely obliterating original mineralogy (Dana Lake); E)
patchy K-feldspar alteration in otherwise unaltered gabbro (Dana Lake); F) K-feldspar
alteration pseudomorphs (Dana Lake) (PPL).
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Sulphides
On surface, sulphide mineralization in the RVI is disseminated, and occurs in both the
breccia fragments and matrix (Fig. 3.6A, 3.6B, 3.6F). Most commonly, sulphides occur
in the fragments alone, or in both fragments and matrix; occurrences of mineralized
matrix and unmineralized fragments are less common. Semi-massive or massive
sulphides are not present in the Dana Lake outcrops. Sulphides have also crystallized
within quartz and feldspar veins that cross-cut both breccia fragments and matrix (Fig.
3.6C, 3.6E). Typically, sulphide mineralization within the BZ and BX (Fig. 1.3), at Dana
Lake North and South, is concentrated in the leucogabbro fragments or matrix and is not
as prevalent in the gabbro fragments. However, higher in the sequence, within the IBZ,
sulphide mineralization tends to be more abundant in gabbro (Fig. 3.6D). In the
Boundary Zone at the Dana Lake stripped area, there is a large, massive diabase intrusion
that hosts many quartz-feldspar ± sulphide veins that stop before reaching the intrusiondiabase boundary.
The sulphide minerals present at River Valley are, in decreasing order of abundance,
chalcopyrite, pyrrhotite, pyrite (including Ni-rich pyrite), marcasite and pentlandite.
Sulphides are present as monomineralic grains and aggregates, or as polymineralic
aggregates and are disseminated through the rocks. Rocks within the intrusion mostly
range from being completely free of sulphide to containing approximately 5% visible
sulphides. There is no correlation between sulphide content and location within various
mineralized zones or units. Samples with >50% visible sulphide are not common and
these accumulations are never more than tens of centimeters thick in core and were only
observed at Spade Lake (described below).
Some sulphides, characterized by the assemblage pyrrhotite ± chalcopyrite ± pentlandite,
(Fig. 3.7A, 3.7B), occur interstitially to primary silicates and exhibit rounded, smooth,
equilibrium boundaries with the silicates, and show little evidence of reaction; i.e.
disequilibrium. These are interpreted to be primary, magmatic sulphides that have
crystallized from a sulphide melt. Such aggregates are preserved even where
assemblages 1 or 2 have replaced the associated primary silicates. These primary
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Figure 3.6. Field examples of sulphide mineralization from the Dana Lake mineralized
zone. A) leucogabbro inclusions in gabbroic matrix with disseminated sulphides; B)
primary sulphides concentrated in leucogabbro inclusion in the Breccia Zone; C)
sulphide-feldspar-quartz vein in gabbro; D) disseminated sulphides in massive gabbro; E)
sulphide-quartz vein cross-cutting inclusions and replacement; F) disseminated sulphides
superimposed on replaced gabbro.
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Fig. 3.7. Examples of magmatic sulphides in the Dana Lake zone. These sulphides
exhibit magmatic textures and show little reaction with the alteration assemblage that is
replacing primary silicate minerals in close conjunction with the sulphides. A)
Chalcopyrite (Ccp) + pyrrhotite (Po) aggregate in amphibole (Amp)-replaced plagioclase
(Pl) (left: Ref; right: PPL); B) Pyrrhotite (Po) aggregates with intergrown chalcopyrite
(Ccp) in amphibole (Amp)-replaced plagioclase (Pl) (left: Ref; right: PPL).
sulphides range from centimeter-sized aggregates that are visible in hand specimen, to
millimetre-sized aggregates in thin section. Crystals tend to be subhedral to anhedral. At
Razor, unreplaced clinopyroxene was observed in two samples to contain rounded blebs
of chalcopyrite. Chalcopyrite also occurs as interstitial crystals to plagioclase with thin
reaction rims between chalcopyrite and plagioclase (Fig. 3.8C). Pentlandite mostly
occurs as inclusions in pyrrhotite but can also occur as rare crystals in silicates.
Pentlandite flames have not be found in pyrrhotite. At Dana Lake, sulphides with these
textures are restricted to within 50 m of the contact (BZ and lower BX) (Fig. 3.15). At
Razor, the blebby sulphides within clinopyroxene were found within 22 m of the contact.
32

Sulphides (chalcopyrite and/or pyrite ± marcasite) also occur disseminated through (Fig.
3.6D, 3.6F, 3.8F) or as patches in the silicate replacement assemblages and in veins (Fig.
3.8A, 3.8B, 3.8D, 3.8E). Disseminated and vein sulphides are much more common than
sulphides that exhibit primary magmatic textures. Disseminated and patchy sulphides
tend to be monomineralic. In rocks where replacement is patchy and some primary
mineralogy has survived, there is a clear spatial relationship between the replacement
assemblages and the sulphides (Fig. 3.8F, 3.9). Typically, the primary silicate
assemblage is devoid of sulphides and small sulphide crystals are disseminated through
the areas where the primary minerals have been replaced. This association occurs across
the RVI, however, some heavily replaced rocks may be devoid of sulphides.
One sample of reef-like mineralization (PFN staff, pers. comm., 2006) from Spade Lake,
which is in the south of the study area, contains unusual sulphide textures. The sulphides
are semi-massive and net-textured (Fig. 3.10A). In thin section, the sulphides appear to
exhibit magmatic textures that are similar to those described above for the pyrrhotitedominate assemblages, with rounded equilibrium boundaries. The sulphides, however,
comprise pyrite and lesser marcasite (Fig. 3.10B). In addition, the sulphide aggregates
are vuggy, with euhedral pyrite and marcasite growing into open space or surrounded by
carbonate (Fig 3.10C). In some instances, marcasite has replaced pyrite. This is the only
example of this texture and sulphide assemblage seen in this study.
Although sulphides that occur as large aggregates, which typically contain pyrrhotite, are
restricted to within 50 m of the intrusion contact, disseminated and veined sulphides
associated with replacement assemblages occur from the intrusion contact and extend to
at least 200 m above the contact (Fig. 3.15). Alteration rims around pyroxene and
plagioclase (as described above) may also contain chalcopyrite. These chalcopyrite
grains are fine-grained and are not abundant. In some of the well-developed rims, the
chalcopyrite occurs as inclusions in the cores of garnet that has formed within the rims
and is also disseminated through the other rim minerals (Fig. 3.3C).

33

A

250 microns

100 microns

C

E

B

100 microns

250 microns

D

F

Figure 3.8. Sulphide mineralization in core and thin section. A) patchy chalcopyrite and
pyrite with silicification in gabbro (Dana Lake); B) chalcopyrite-quartz vein with an
amphibole selvage (Dana Lake); C) chalcopyrite interstitial to plagioclase in a relatively
unaltered gabbro (Razor) (PPL); D) chalcopyrite vein in amphibole-biotite altered
plagioclase (Casson) (PPL); E) chalcopyrite in K-feldspar-quartz vein (Dana Lake)
(PPL); F) disseminated chalcopyrite + pyrite associated with alteration and not with
primary plagioclase (Varley) (PPL).
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Figure 3.9. Two photomicrographs of the same area - note the chalcopyrite in the area of
heavy replacement and the lack of chalcopyrite in the area of little replacement (Dana
Lake) (top: PPL; bottom: Ref).
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Fig. 3.10. Semi-massive, net-textured sulphide mineralization in SL03-10. A) Sulphide
aggregates (pyrite-marcasite) exhibiting magmatic textures (Ref); B) vuggy marcasite
(Mrc) and zoned pyrite (Py) surrounded by carbonate (Cb) (Ref).
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Veins
The minerals found in veins in the study area are the same as those found in the alteration
assemblages, but their abundances differ (Table 3.1). Veins occur in all units in all
mineralized zones. Most of the veins range from < 1 mm to 5 mm in width, although
veins with abundant quartz are typically wider, ranging from 1 to 30 mm. Veins with
abundant quartz are also the most common type, whereas sulphide-only veins are the least
abundant. In general, there are no veins where replacement of the host rocks is not
abundant.
Quartz veins typically contain other minerals (K-feldspar, chlorite, carbonate, amphibole
and sulphides) and some have alteration selvages (Fig. 3.11A, 3.11B, 3.11D, 3.12A,
3.12B, 3.12E). Potassium feldspar-rich veins typically contain amphibole (Fig. 3.12C).
Epidote veins always contain some amphibole (Fig. 3.11C, 3.12D). Sulphide minerals
occur in veins across the River Valley Intrusion, mostly in silicate-dominant veins (Fig.
3.6C, 3.6E, 3.11B). Veins that contain only sulphides are less common (Fig. 3.12F).
Sulphide-only veins and sulphides within veins typically comprise chalcopyrite and, less
frequently, pyrite. Chalcopyrite is also disseminated through alteration haloes of silicate
veins, although, this is not common.
Vein selvages are monomineralic or occur as combinations of different minerals (Fig.
3.8B, 3.11D). Selvages that comprise of combinations of amphibole and chlorite are
similar in mineralogy and texture as assemblage 1 replacement minerals (Fig. 3.11D).
Biotite occurs as vein selvages and typically contains amphibole (Fig. 3.8D). Selvages
can be monomineralic and comprise muscovite (Fig. 3.12E) or chlorite. Vein selvages
that contain K-feldspar are monomineralic and rare. Potassium feldspar veins and
potassium feldspar selvages can be found in other mineralized zones in the RVI, whereas
mineral assemblage 2 is only found at Dana Lake. The vein selvages are finer-grained
than the vein fill.
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Table 3.1. Vein mineralogy and distribution across the RVI.
Vein mineralogy
Distribution
Quartz
Casson, Dana Lake, Jackson’s Flats, Lismer’s
Ridge, Spade Lake, Azen
Quartz + K-feldspar
Dana Lake, Jackson’s Flats, Lismer’s Ridge,
Varley, Spade Lake, Azen
Quartz + chlorite
Dana Lake, Jackson’s Flats, Lismer’s Ridge,
Varley, Azen
Quartz + amphibole
Dana Lake, Jackson’s Flats, Lismer’s Ridge,
Razor
Quartz + carbonate
Dana Lake
Quartz + sulphide
Dana Lake
Chlorite
Casson, Dana Lake, Jackson’s Flats, Lismer’s
Ridge, Varley, Spade Lake, Azen
Chlorite + K-feldspar
Casson, Dana Lake, Lismer’s Ridge
Chlorite + sulphide
Dana Lake
Epidote + amphibole
Dana Lake, Jackson’s Flats, Lismer’s Ridge,
Varley
Amphibole
Dana Lake, Razor, Varley, Azen
Amphibole + sulphide
Dana Lake
K-feldspar + amphibole Dana Lake, Jackson’s Flats, Razor, Varley, Azen
Sulphide
Dana Lake, Spade Lake

A

B

C

D

Figure 3.11. Field examples of veins from the Dana Lake area. A) Quartz + feldspar vein crosscutting matrix, fragments and alteration; B) Quartz + sulphide vein cross-cutting altered matrix
and unaltered fragments; C) epidote + amphibole vein in varitextured gabbro; D) Quartz +
feldspar vein with amphibole and chlorite alteration selvage; half of the vein includes sulphide.
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Figure 3.12: Examples of veins in core and thin section in the RVI. A) Quartz + feldspar
vein (Varley); B) Quartz + felspar + amphibole vein with potassium feldspar selvage
(Azen); C) Four different vein types: 1 = light grey quartz vein; 2 = potassium feldspar
center, quartz edge with some amphibole alteration; 3 = potassium feldspar vein with
little quartz and amphibole alteration; 4 = very thin mafic vein cross-cuts veins 2 and 3
but doesn't reach vein 1 (Azen); D) Epidote + amphibole vein in altered gabbro with
garnet present (Jackson’s Flats); E) Quartz (Qz) + carbonate (Cb) vein with muscovite
(Ms) selvage (Dana Lake) (XPL); F) Chaclopyrite veins cross-cutting completely altered
gabbro (Dana Lake) (Ref).

39

Late-stage biotite and garnet
In addition to the biotite in alteration assemblage 1, biotite occurs as a replacement of
assemblage 1 biotite and also replaces hornblende, especially in alteration rims. This
late-stage biotite typically is fine-grained and anhedral, although some is coarse grained
(Fig. 3.4C).
Garnet has only been identified in Azen, Jackson Flats, Spade Lake and Razor. Garnet
crystals are euhedral, coarse-grained and red. Garnet only occurs where replacement
assemblages have developed and does not occur in primary silicates. In some garnet
crystals, magnetite, chalcopyrite and ilmenite occur as inclusions, either disseminated
through the garnet crystals or as aggregates in the core (Fig. 3.13A). Typically, these
inclusions are aggregates of chalcopyrite and ilmenite (Fig. 3.13A). Monomineralic
aggregates and single crystals of chalcopyrite or magnetite are also present (Fig. 3.13B).
Such inclusions within garnet crystals are not common and only occur in a few samples.
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Figure 3.13. Minerals found in the core of garnet. A) Chalcopyrite (Ccp) and ilmenite
(Ilm) clusters in garnet (Grt) core (Azen) (left: PPL; right: BSE); B) Magnetite (Mag)
aggregate in garnet (Grt) (Azen) (Ref).
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Deformation
Although the RVI was affected by the Grenville tectonic event at 1100-1070 Ma (Easton,
1992), most of the rocks examined in this study showed no evidence of penetrative
deformation as the replacement assemblages are unfoliated. The exception is at Jackson’s
Flats, where most rocks examined in drillcore are foliated. The principal manifestations
of deformation are discrete shear zones that are visible on surface as far west as Dana
Lake. The shear zones typically range in width from approximately 10 cm to > 4 m.
These shear zones are more abundant near the base of the intrusion, in the BZ, than
further from the contact. There is no correlation between foliation development and
mineralogy.

Chemistry of primary and replacement minerals
Plagioclase is ubiquitous across the RVI property. However, the chemistry of the
plagioclase changes depending on whether the crystals are located within a replacement
assemblage or are primary and relatively unaltered. Plagioclase that has been interpreted
as primary typically has a composition of An91-An100 with little to no sodium component.
Plagioclase crystals that are associated with assemblage 1 replacement minerals are more
sodic and comprise An0-An71 with an average composition of An41. Plagioclase crystals
that are associated with replacement assemblage 2 are more sodic than those associated
with assemblage 1 minerals with a range of An0-An56. See Appendix VI for all
plagioclase mineral chemistry.
Chemical data for amphibole crystals from throughout the study area (Appendix VII)
shows that there is significant variation in the chemistry of this mineral group. Most
amphibole analyzed can be classified as actinolite or hornblende (Fig. 3.14A). However,
there is no correlation between location or assemblage type and chemistry, with the
exception that Lismer’s Ridge amphibole is more Fe-rich than all other amphibole
crystals analyzed (Fig. 3.14A). In one Azen sample, patchy amphibole was more Si-rich
and Mg-rich than amphibole found in an assemblage 1 reaction rim (Fig. 3.14B).
Deformation does not appear to affect amphibole chemistry as foliated samples from
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Jackson’s Flats have assemblage 1 mineralogy and amphibole chemistry from this
assemblage is similar to that of amphiboles from other zones.

Figure 3.14. Calcic amphibole classification (fields from Hawthorne and Oberti, 2007,
Ca >1.50; Na+K < 0.50).
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Chlorite is found in both replacement assemblages and there is a difference in the mineral
chemistry between the two assemblages. With the exception of a few samples,
assemblage 1 chlorite is classified as chamosite and is more Fe-rich than assemblage 2
chlorite, which is classified as clinochlore (Fig. 3.15) (Appendix XIII). Epidote is present
in both mineral assemblages through the RVI, however, epidote in assemblage 1 has the
same mineral chemistry as epidote from assemblage 2 (Appendix IX).

Figure 3.15. Mn-Fe-Mg plot for chlorite mineral chemistry.

Biotite mineral chemistry differs depending on textural type. Assemblage 1 biotite
contains Ti, whereas late-stage biotite has no detectable Ti. Assemblage 1 biotite has the
highest Ti contents and shows a correlation between Ti and Fe2+ (Fig. 3.16).
Garnet analyzed from River Valley can be represented by the formula X3Al2(SiO4)3, with
variable amounts of Fe (almandine component, Ad52-Ad69), Mg (pyrope component, Py6Py31), Ca (grossular component, Gr2-Gr35) and less commonly, Mn (spessartine
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component, Sp0-Sp7), occupying the X site. The average garnet composition is
Ad63Py23Gr14. The average composition of Mn-bearing garnet is Ad57Py20Gr18Sp5
(Appendix X).

Figure 3.16. Biotite mineral chemistry. Note that late biotite has no Ti present whereas
biotite that is part of alteration assemblage 1 has variable amounts of Ti present.

Distribution of elements with respect to lithology, veins and alteration
To assess the distribution of element concentrations, veins and alteration within the
Marginal Zone, 3 drill holes were logged on section 125SE at Dana South: DL-64, DL-68
and DL-85. This section was chosen as it is typical of the mineralized Marginal Zone,
contains significant PGE mineralization in both the Breccia and the Inclusion-bearing
zones, and intersects a significant portion of the hanging wall above the mineralization
(Fig. 3.17).
Whole-rock element concentrations were contoured for Dana South section SE125 (Fig.
3.18, 3.19). The key features illustrated by these plots are as follows: Au, Pd, Pt, Ag, Cu,
Ni, Bi and Te correlate well with the mineralized zone (Fig. 3.18). K, Li, Rb, F and Be
44

are concentrated in the hanging wall, away from the main mineralized area (Fig. 3-19).
Sulphur is associated with the mineralized zone and has lower concentrations in the
hanging wall of the mineralized zone. Strontium and Tl have higher concentrations
towards the base of the mineralized zone, near the contact, suggesting that these elements
are contributed from the country rocks. All element contour plots may be found in
Appendix XI.

Figure 3.17. Geology of section 125SE, Dana Lake South, showing location of sampled
drillholes and distribution of magmatic and hydrothermal sulphides through the core.
Note: graph shows locations of samples taken from core; core lengths are DL-85 = 421m,
DL68 = 308m, DL64 = 238m. Stratigraphic units were defined using PFN core logs and
the “mineralized zone” was defined using PFN whole rock data for Pd + Pt + Au.
Vein and alteration density data (see Chapter 2 and Appendix 1 for detailed explanation)
are provided in Appendix XII. The highest concentrations of alkalis and fluorine
correlate with K-feldspar alteration and veining in holes DL-64 and DL-68 (Fig. 3.21).
However, this does not seem to be the case in DL-85, which also shows some
alkali/fluorine enrichment but no significant K-feldspar alteration. There is no obvious
relationship between overall vein and alteration density and precious metal values (Fig.
3.22). This is also true for individual vein or alteration types.
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Figure 3.18. Element distribution plots showing elements correlated to the main
mineralized zone (hatched area) (Au+Pd+Pt = ppb; Bi, Cu and Te = ppm).

Figure 13.19. Element distribution plots showing geochemical haloes above the main
mineralized zone (hatched area) (K=%, F, Li, Be = ppm).
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Elemental whole rock data were plotted as binary plots to determine if there were any
correlations between elements in the RVI. When S was plotted against Au + Pd + Pt,
there appeared to be two groups of data: a positive correlation between S and Au + Pd +
Pt and no correlation between S and Au + Pd + Pt (Fig. 3.20). The positive correlation
samples were collected from the mineralized zone, where the samples with no correlation
are found away from the mineralized zone.

Figure 3.20. Whole rock sulphur (%) versus Au + Pd + Pt (ppb). Square data points are
samples located in the hatched mineralized zone (Fig. 3.17) and round data points are
located outside the mineralized zone. “No thin section” are samples in which the
sulphides cannot be classified as no thin sections are available.

Factor Analysis
When dealing with data sets containing a large number of elements (variables), it can be
difficult to assess patterns and correlations in the data set. Assessing such data sets can
be aided by performing factor analysis, which was carried out on the River Valley data.
Factor analysis can be used to simplify geochemical data into a few factors (Reimann et
al., 2002), and are characterized by loadings for the various elements. The square of the
loading yields the proportion of the total variance of that element accounted for by the
given factor. For example, a loading of 0.5 for an element on a particular factor indicates
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that 25% of the total variance of that element is accounted for by that factor. Loadings
can be positive or negative. Where a factor is defined by only negative loadings, these
can be treated in the same manner as positive loadings, i.e., it indicates correlation among
these elements. In what follows, we consider loadings with absolute values of 0.5 or
greater to be of interest. Table 3.2 shows a summary of the results of factor analysis on
the River Valley data set. Details of the approach used and a brief explanation of the
factor analysis approach are given in Appendix XIII.
Table 3.2. Summary of factor analysis for River Valley, Section SE125.
Factor
1
2
3
4
5
6
7
8
9

Element with loadings
> 0.5*
Ce Hf La Lu Mo Nb P
Ta Tb Th Ti U W Y
Yb Zr
Ag Au Bi Cd Cu Ni Pd
Pt Te

Elements with loadings
0.3-0.5
Be Zn

Cr Sc
Ag Co Ni Sb
Fe Mn Sc Ti V Zn
Be F Li
Cl
S

Co F Mg
As Bi Li Pb
Cr P
K Rb Ta
Li
Ag As

Elements with factor
loadings < -0.5

Ba K Rb Tl
Al Na Pb Sr

Ca

* Bold and underlined elements have loadings > 0.8.
Elements loaded on factor 1 are the lithophile, HFSE elements and, not surprisingly, these
elements also show similar spatial distributions (Appendix XI). Factor 2 represents the
precious metal mineralization and also includes Cu and Ni, and two of the metalloids (Te
and Bi), and these elements are all concentrated in the main mineralized zone (Fig 3.18).
Factor 3 represents negative loadings on Ba, K, Rb and Tl. These elements are
concentrated in a zone in the hanging wall of the mineralization, and are likely related to
potassic alteration (see below). Factor 7 appears to be represented by relatively volatile,
mobile elements, including F, which are also enriched in the hanging wall. Chlorine
(factor 8) also may be affiliated with this group in that Li is also moderately loaded on
factor 8. Finally, S is only loaded on a single factor (9).
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This geochemical data set was compared to all vein types and alteration distributions (Fig
3.21). For most elements, no correlation between the whole-rock geochemistry and
visible veining or alteration was evident. As noted above, Be, F, K, Li and Rb (factor 7
elements) correlate well with the K-feldspar alteration of alteration assemblage 2 (Fig.
3.22).

Figure 3.21. Cumulative denisty (in mm) for all alteration, vein types and shearing (blue
bars) and Au+Pd+Pt values (ppb) (black bars).
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Figure 3.22. Feldspathic alteration indices plotted against fluorine concentrations. The
alkalis show similar distributions as fluorine. Note: there was little feldspar alteration and
feldspar veins in DL-85.

Platinum Group Mineral Distribution
Detailed petrographic SEM-EDS and EMPA analyses of 19 samples with significant
whole-rock PGE concentrations (> 1.5 ppm Pd + Pt + Au; highest 23.5 ppm) were
conducted. These samples represented all mineralized zones, were mostly from the
Breccia Unit (as that is where the mineralization is concentrated), and all contained
sulphides (from <1% to ~ 70%, although most were <5%) (Table 3.3).

PGM mineralogy and hosts
Ten PGM have been identified, as well as 8 unnamed PGM, based on the analysis of 142
grains (Table, 3.4; Appendix XIV). Many more PGM were observed but were too
numerous and/or small to analyze. Typically, any PGM grain < 2 µm was not analyzed.
The PGM range in size from < 1 µm to > 200 µm across, but are typically 15 - 20 µm.
PGM grains usually appear to be monomineralic and homogeneous, although zoned or
aggregate grains are present, but scarce. Minerals in which Pd is the dominant PGE are
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most abundant, although Pt, Au, Ag and Rh-bearing PGM are also present (Fig. 3.23)
(Table 3.4). The PGE sulphides hollingworthite and braggite were also identified,
although these are not abundant (5 grains identified). Thirteen PGM could not be
identified as a valid mineral species, and comprise PGE-alloys with As, Te and Sb and
one Au-As mineral. No PGE oxides were identified.
Table 3.3. Samples selected for PGM analyses
Sample

Depth

Unit

DL106-13
DL54-13
DL64-10
DL64-21A
DL64-21B
DL64-22A
DL64-22B
DL68-18
DL68-30
DL85-39B
JFDP2-12
LR142-8
RA03-5
RA03-8
SL01-02
SL03-10
VA67-5
VE22-8
VE22-10

99.8
8.40
130.55
194.40
194.40
189.05
198.08
194.90
275.53
386.45
207.90
262.60
84.48
72.50
124.25
167.25
222.15
109.70
97.45

BX
BX
BX
BX
BX
BX
BX
IBZ
BX
BX
BX
BX
BX
BX
BX
BX
BX
BX
BX

Pd+Pt+Au
(ppb)
877
3202
1521
9447
9447
23910
23910
2345
7168
3134
430
1410
1047
1501
2570
851
9364
1366
839

No. of PGM
analyzed

2
0
15
0
11
38
13
0
18
2
0
0
1
15
1
7
7
0
12

Types of
PGM
1
0
4
0
4
5
4
0
3
2
0
0
1
5
1
2
4
0
5

Silicate-hosted PGM
Approximately 70% of the PGM analyzed were hosted by silicate minerals (Table 3.5).
These PGM occur within replacement silicate minerals (hornblende, K-feldspar, chlorite,
albite, and quartz), typically as small inclusions intergrown with, or disseminated
through, the silicates (Fig. 3.24B, 3.24D, 3.24E, 3.24F). Such PGM are generally larger
than those hosted by sulphides, generally 10-50 µm in size, but range from less than 1 µm
to 400 µm x 100 µm (Fig. 3.24C). Three grains of zoned isomertieite have been
identified; one zone is devoid of Sb and the other zone contains ~2.5 wt% Sb. There have
been no PGM found in unaltered clinopyroxene.
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Figure 3.23. Platinum group minerals found in the River Valley Intrusion.
Table 3.4. Platinum group minerals identified at the RVI and host type.
PGM name*

Formula*

Silicate host

Argentiferous gold
Atokite
Braggite
Hollingworthite
Isomertieite
Kotulskite
Merenskyite
Moncheite
Sobolevskite
Sperrylite
Unnamed
Unnamed
Unnamed
Unnamed
Unnamed
Unnamed
Unnamed
Unnamed

AuAg
Pd Sn
(Pt,Pd)S
RhAsS
Pd Sb As
PdTe-PdBi
(Pd,Pt)(Te,Bi)
PtTe
PdBi-PdTe
PtAs
Pd (As,Te)
AuAs
PdTe
Pd As
Pd (As,Au)
PdPtAs
Pt(As,Rh)
Pd (Sb,As)
3

11

2

2

2

2

3

3

2

4
3

2

2

3
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2

4
1
0
2
25
33
0
4
0
17
1
0
0
2
2
1
0
1

Sulphide
host
0
0
2
1
6
14
2
9
1
6
1
1
1
0
1
0
2
0

Amphibole hosts the largest proportion of PGM observed, and accounts for fifty (37%) of
the PGM analyzed. Platinum-group minerals hosted by amphibole are found across the
property in each of the mineralized zones. Typically, the PGM are found as subhedral to
anhedral crystals disseminated within amphibole crystals or aggregates. Amphibole hosts
the only atokite crystal found (Table 3.3). Other PGM identified in amphibole are
hollingworthite, isomertieite, kotulskite, sperrylite, moncheite, argentiferous gold and 5
different unnamed PGM. Several PGM occur at unclear mineral-mineral boundaries of
plagioclase and amphibole and the PGM are actually hosted by the replacement phase
(Fig. 3.24A).
Platinum-group minerals found in K-feldspar are argentiferous gold, isomertieite,
kotulskite, sperrylite and one unnamed PGM. Potassium feldspar is widespread at Dana
Lake and samples selected for PGM analysis from other mineralized zones did not
contain K-feldspar replacement. Platinum-group minerals in K-feldspar tend to be
smaller than those in amphibole, and are, on average, around 10 µm in size. Kotulskite,
arsenopalladinite and isomertieite were identified in albite at Dana Lake. Most albite is
intergrown with amphibole in altered clinopyroxene. These PGM are rounded or
irregular in shape and range in size from 2 µm to approximately 20 µm.
The only PGM found in biotite were two sperrylite grains. These grains are
approximately 4 µm and 8 µm in size and subhedral. Both of these PGM are found in the
same secondary biotite crystal in a sample from Dana Lake. Despite its abundance across
the RVI, only four PGM were found in chlorite, all kotulskite. These PGM are small and
anhedral, and were all found at Dana Lake. Three isomertieite crystals were identified in
quartz. Two crystals, located in Dana Lake, are approximately 25 µm across and
anhedral. The other crystal, from Varley, is approximately 100 µm across and also
anhedral.
PGM crystals hosted by epidote comprise argentiferous gold, isomertieite and sperrylite.
These PGM vary in size between 2 µm and 20 µm and occur as anhedral or lathe-like
crystals. Two, zoned isomertieite crystals are hosted by epidote. All PGM identified in
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epidote were from one Dana Lake sample, however, the other samples selected for PGM
analysis typically didn’t contain much epidote.
There appears to be a correlation between the host mineral and the contained PGM.
Amphibole, epidote, K-feldspar and sodic plagioclase host many different types of PGM.
Biotite only hosts sperrylite, chlorite only hosts kotulskite and quartz only hosts
isomertieite. Platinum group minerals hosted by biotite, chlorite and quartz were,
however, much less abundant than PGM hosted by amphibole, epidote, K-feldspar or
sodic plagioclase. These apparent correlations may be due to the rarity of PGM hosted by
biotite, chlorite and quartz.
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25 microns

A

25 microns

B
Amp

Pl
Amp

Sperrylite

Kotulskite

C

D

Amp
Kotulskite

Isomertieite
Amp

Ccp

Ccp

Ab
Isomertieite (lamellae)

A

E

F
Sperrylite

Argentiferous gold

Qz

Amp
Amp
Ab

Figure 3.24. Platinum group minerals in silicate hosts. A) Anhedral sperrylite grain
located at replacement edge of plagioclase (Pl) by amphibole (Amp) (Varley) (PPL); B)
Euhedral kotulskite grain in amphibole (Amp) (Dana Lake) (PPL); C) Large isomertieite
grain (~400 um) hosted by amphibole (Amp) and albite (Al) with chalcopyrite (Ccp)
association (Dana Lake) (BSE); D) Kotulskite grain with isomertieite lamellae hosted by
amphibole (Amp) and chalcopyrite (Ccp) (Dana Lake) (BSE); E) Small silver-rich gold
grain in pervasive amphibole (Amp) and albite (Ab) (Dana Lake) (BSE); F) Sperrylite
grain in quartz-rich amphibole (Amp) (Varley) (BSE).
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Sulphide-hosted PGM
Sulphides that host PGM are chalcopyrite, pyrrhotite and pyrite. The composition of the
PGM varies depending on whether the host is interpreted to be a magmatic sulphide or a
hydrothermal sulphide (Fig. 3.25).

Figure 3.24. PGM composition based on host sulphide type.
Magmatic sulphide hosts comprise pyrrhotite and chalcopyrite. Platinum group minerals
hosted by magmatic sulphides tend to be smaller than PGM hosted by hydrothermal
sulphides. PGM are typically located at sulphide-silicate boundaries (3-26C) and some
PGM are located in the middle of the sulphide crystal (two crystals of braggite, one of
kotulskite and one unnamed Pd-Pt-S mineral), although this is not common (Fig. 3.26B).
Hydrothermal sulphides that host PGM are chalcopyrite and pyrite. When hosted by
hydrothermal sulphides, the PGM are typically found as inclusions within these sulphides
at sulphide-silicate boundaries (Fig. 3.26A, 3.26D, 3.26E), and few PGM were observed
totally enclosed by a hydrothermal sulphide.
There is no correlation between the abundance of sulphides and the presence of PGM.
Samples with abundant sulphides may or may not have high numbers of PGM, either
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hosted by sulphides or by silicates. Every sample with PGM contained some sulphide,
regardless if silicates or sulphides host the PGM. Platinum group mineral composition
does not show any patterns with respect to mineralized zone or depth in core.

A

250 microns

PGM

B

Po

C

Ccp
Sperrylite

Po

Unnamed PGM
Pd-Pt-S

Sperrylite

D

Amp

Hollingworthite

E

Isomertieite (Au-rich)

Py

Amp

Kotulskite
Isomertieite
(lamellae)

Ab
Po
Ab

Figure 3.26. Platinum group minerals in sulphide hosts. A) PGM in sulphide stringer crosscutting primary mineralogy and alteration rims (Razor) (PPL); B) Unnamed PGM in primary
pyrrhotite (Po) (Razor) (BSE); C) PGM in sulphide aggregate: hollingworthite and sperrylite in
chalcopyrite (Ccp); sperrylite in pyrrhotite (Po) (Azen) (BSE); D) Kotulskite hosted by pyrite
(Py) within replacement assemblage of amphibole (Amp) and albite (Ab) (Dana Lake) (BSE); E)
Au-rich isomertieite hosted by pyrrhotite (Po) with isomertieite lamellae; pyrrhotite associated
with amphibole (Amp) and albite (Ab) replacement (BSE) (Dana Lake).
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Chapter 4 - Discussion
Two main questions were posed in the objectives. What is the role of hydrothermal fluids
in the formation and evolution of the PGE mineralization in the RVI? Are there
mineralogical or geochemical haloes present around the RVI mineralization that can be
used as a vector to the mineralization?

Origin of sulphides and PGM
Platinum group elements can be concentrated by several methods: sulphide liquid
immiscibility, fractional crystallization of sulphide liquid and/or fluid redistribution
(magmatic, metamorphic, hydrothermal). Several workers (James et al., 2002a, James et
al., 2002b, Hrominchuk, 1999, Jobin-Bevans, 2004 and Jobin-Bevans and Keays, 2005)
suggest that the primary method of concentrating PGE in the River Valley Intrusion (and
in the East Bull Lake intrusion as a whole) is due to sulphide liquid immiscibility.

Are there magmatic sulphides and PGM present?
Sulphides that have been interpreted as being primary and magmatic, i.e. crystallized
from an immiscible melt, are present at River Valley. These magmatic sulphides occur as
aggregates that are interstitial to primary, silicate minerals (pyroxene and plagioclase) and
are in equilibrium with these silicates. These sulphides show little evidence of reaction or
dissolution and have not been altered, even though they can occur in intensely altered
rocks where the associated primary silicates have been completely destroyed. The
aggregates comprise, in decreasing order of abundance, pyrrhotite ± chalcopyrite ±
pentlandite. This mineral assemblage is typical of crystallization from a monosulphide
solid solution (mss) and a residual sulphide liquid. The Fe-rich mss will crystallize and
eventually exsolve into pyrrhotite and pentlandite and the residual Cu-rich liquid (iss) will
crystallize into chalcopyrite. These sulphides are hosted by the Breccia Unit and are
restricted to within 50 m of the intrusive contact (Fig. 3.17). This is consistent with
introduction of the sulphides and PGE with the emplacement of the Breccia Unit.
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In their summary of PGM from low-sulphide deposits, Campos-Alvarez et al. (2011) note
that where the PGM have crystallized from sulphide liquids, they typically comprise
native metals, Pt-Fe alloys and PGE sulphides (e.g. braggite, vysotskite), (e.g. Edgar and
Sweeny, 1991; Oberthur et al., 2003; Auge and Lerouge, 2004; Howell et al., 2006; Godel
et al., 2007; Godel and Barnes, 2008). These deposits may also contain tellurides, such as
kotulskite, merenskyite and moncheite, and arsenides (e.g. sperrylite). Sulphide liquid
exsolution from a silicate liquid will result in the PGE concentrating in the sulphide
liquid. Crystallization of a sulphide liquid will result in the formation of mss, a phase rich
in Fe, Co, Rh, Ru, Ir and Os, and a residual liquid enriched in Cu, Ni, Pt, Pd and Au
(Fleet et al., 1993). At magmatic temperatures, if the original liquid is rich in PGE, then
Rh, Ru, Ir and Os should concentrate in the mss assemblage and Pt, Pd and Au should
concentrate in the residual liquid (chalcopyrite). The magmatic PGM at River Valley are
not what one would expect based on the experimental observations of Fleet et al. (1993).
Although, some Pd-alloys occur in chalcopyrite, most of these PGM are hosted by
pyrrhotite. The one crystal of hollingworthite ((Rh,Pt)AsS) and the unnamed Pt-Rh-As
mineral are both hosted by chalcopyrite. The lack of Os-, Ir-, or Ru-bearing PGM at
River Valley could suggest that most of these elements remained in solid solution in the
sulphides (Piña et al., 2006).
Platinum group minerals in the RVI are associated with the magmatic sulphide aggregates
and are hosted by pyrrhotite or chalcopyrite. There were no PGM found hosted by
magmatic silicates (e.g. plagioclase, pyroxene). PGM in this setting comprise braggite,
moncheite, kotulskite, merenskyite, hollingworthite, sperrylite and an unnamed mineral
(Pt(As,Rh)2) (Table 3.5). These PGM are typically found either at sulphide-silicate
boundaries (Fig. 3.24C) or enclosed by the sulphide host (Fig. 3.24B). There were only
four crystals of sulphide-enclosed PGM identified: two braggite (both in pyrrhotite), one
kotulskite (in chalcopyrite) and one unnamed Pd-Pt-S PGM (in pyrrhotite). The presence
of braggite ((Pt,Pd)S) and the unnamed Pd-Pt-S phase in pyrrhotite is consistent with
PGM crystallization at high temperatures, as braggite is stable at temperatures >1000°C
(Cabri et al., 1978; Verryn and Merkle, 2000). With the exception of these four crystals,
the other magmatic PGM are found at sulphide-silicate boundaries. The PGM hosted by
59

magmatic sulphides at River Valley are typically hosted by pyrrhotite and although a few
crystals of As-rich PGM are present, the majority are Pd- and Pt-bismuthtellurides. Most
PGM are hosted by sulphides at a sulphide-silicate boundary and this suggests that most
of the PGM at River Valley also crystallized by exsolution and not by direct
crystallization from sulphide melts.

Water-rock interaction
As described earlier, replacement minerals are abundant and there is no completely
unaltered clinopyroxene, and little olivine and orthopyroxene remain. The two
replacement assemblages described above imply there were two fluid flow events in the
RVI. Assemblage 1 (amphibole ± chlorite ± epidote ± biotite ± quartz ± carbonate ±
sodic plagioclase) affected the whole intrusion and represents the earlier fluid event. The
minerals in this assemblage are generally unfoliated and fine grained. Assemblage 2
(potassium feldspar + chlorite ± quartz ± amphibole ± muscovite ± sodic plagioclase ±
epidote) cross-cuts and replaces assemblage 1 minerals, indicating it was generated by a
later fluid. This assemblage is also unfoliated and fine grained.
Mineral variations occur across the property and may be caused by several factors: the
chemistry of the host rock, the chemistry of fluids within the rocks, the water:rock ratio
and the temperature of the fluid. Quartz and epidote are not as common in Spade Lake as
they are in other mineralized zones. Spade Lake is located further south of the contact
than the other mineralized zones (Fig. 1.2). Lack of quartz and epidote in Spade Lake
may suggest an influence of the country rocks on the chemistry of the replacement
minerals. The basement rocks to the RVI typically comprise granite and this would be a
good source for the excess silica required for quartz formation. Also, the degree of
replacement assemblages between samples varies across the property. For example, in
Razor, one sample is relatively unaltered with only thin reaction rims between the
plagioclase and pyroxene. A sample 20 m from this one is completely replaced by
alteration assemblage 1 with none of the original mineralogy remaining. This is
consistent across the property and could be attributed to water-rock ratios varying
throughout the property. This will be further addressed below.
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There are many different vein types in the RVI (Table 3.1). Quartz veins with different
accessory minerals are the most abundant type. There does not appear to be any pattern
in the distribution of veins in the RVI. The veins and vein selvages comprise the same
minerals as those found in the replacement mineral assemblages, except that the minerals
are in different proportions. For example, amphibole is the most abundant replacement
mineral in replacement assemblage 1, but typically is not found in veins as a major vein
mineral. Vein selvages that contain amphibole and chlorite are similar in texture and
mineralogy to the more pervasive replacement assemblage 1 minerals, which implies that
those veins with such selvages were formed from the same fluid that formed replacement
assemblage 1. Other veins without selvages that are otherwise similar could have formed
from similar fluids, but the nature of the water-rock interaction did not result in the
formation of selvages. Replacement assemblage 2, which is dominated by K-feldspar, is
restricted to the Dana Lake Zone. Veins, and rarely vein selvages, containing K-feldspar
occur both at Dana Lake and in other mineralized zones, e.g. Jackson’s Flats, Azen (Table
3-1). The mineralogical similarity of these veins to assemblage 2 suggests formation
from the same fluid.
Metamorphism is the recrystallization of rocks because of a change in pressure,
temperature and/or the addition of fluids. Regional metamorphism typically occurs
during orogenic events and affects large regions of the crust. Temperature and pressure
chnages are important in regional metamorphism but mechanisms for fluid flow on the
scale of kilometers or more are not well understood (Oliver, 1996). Because regional
metamorphism accompanies orogenesis, the metamorphic mineral assemblages are
commonly foliated. Alteration, or metasomatism, as distinct from classical
metamorphism, involves chemical and/or mineralogical modification of a rock due to
fluid-rock interaction and may or may not involve temperature and pressure changes. In
reality, however, alteration by fluids can occur in regional metamorphic settings, such
that the boundary between the classic definitions of metamorphism and alteration
becomes blurred.
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James et al. (2002b) interpreted the silicate assemblages that host the sulphide and PGM
mineralization in the RVI to reflect upper greenschist to upper amphibolite facies
metamorphic conditions, the former at Dana Lake and the latter in the other zones to the
southeast. Jobin-Bevans (2004), in describing samples from a Dana Lake drill hole, noted
that all samples contain chlorite and actinolite/tremolite, which he also attributed to
greenschist facies metamorphism. Easton (2003) states that the corona textures found in
some rocks in the RVI resulted from Grenvillian metamorphism. Easton (2003) reports
that deformation is restricted to discrete shear zones and that Grenvillian deformation is
concentrated near the Grenville Front, to the west of the intrusion. James (2004) states
that the RVI was affected by H2O-poor metamorphism and this is why so much of the
primary mineral assemblages have been preserved. Tettelaar (2000), as quoted by James
et al. (2002b) and Easton et al (2004), estimated that the metamorphic conditions that
affected the RVI were 5 to 7 kb and 625°C. There is a lot of evidence for water-rock
interaction that would be impossible if only temperature and pressure changes had
affected the area. For example, some minerals would not be able to form without the
introduction of fluids. Biotite is found in all mineralized zones, except for Dana Lake.
Intense K-feldspar alteration (alteration assemblage 2) occurs at Dana Lake and some Kfeldspar veins and selvages occur in other mineralized zones. Potassium is required to
form biotite and K-feldspar and since the original gabbroic rocks are devoid of minerals
containing K, fluids must have introduced K to the system. Relatively unaltered gabbro
comprises anorthite (plagioclase) and augite (clinopyroxene). Assemblage 1 minerals, e.g
amphibole, chlorite and biotite, replace the plagioclase and clinopyroxene. The reaction
below demonstrates the need for fluids to be added to the system (to form the hydrous
minerals) and for K to be in those fluids (to form the biotite).
anorthite + clinopyroxene  amphibole + chlorite + biotite
CaAl2Si2O8 + CaMg0.75Fe0.25AlSiO6 
Ca2Mg3FeAl2.5Si6.5O22(OH)2 + Mg4.5Fe0.5Al2Si3O10(OH)8 + KMgFe0.5Al2Si3O10(OH)2
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One source for the K and Si is from the granitic country rocks. The country rocks to the
RVI are dominated by alkali feldspar granites and syenites (Hrominchuk, 2002; Easton et
al., 2004).
Although, James (2004) described metamorphism at RVI as H2O-poor, it is clear that
significant water-rock interaction occurred throughout the RVI and that this happened in a
uniform stress field, that is, it was not accompanied by penetrative deformation. Since
the amount of replacement minerals vary and they are not uniformly deformed, the RVI is
not a classical metamorphic terrane in that there was no uniform pressure and temperature
across the property and the fluid-rock ratio varied across the property.

What is the origin of sulphides and PGM that do not have magmatic
textures?
Many sulphides and PGM in the RVI do not have the characteristics consistent with a
magmatic origin; i.e. crystallization from a sulphide melt. These sulphides occur in veins
that cross-cut altered rocks or are disseminated through alteration assemblages.
Disseminated sulphides are not found as large aggregates of crystals, as is the case for
magmatic sulphides, but tend to be smaller, individual crystals. These sulphides are
found in intensely altered portions of rocks and are absent in unaltered portions.
Hydrothermal sulphides are not in equilibrium with the primary mineralogy. Textural
evidence suggests that hydrothermal sulphides crystallized with the alteration
assemblages or replacing the alteration assemblages. In addition to their different textural
character, the hydrothermal sulphides have a distinctly different mineralogy compared to
the mineralogy of magmatic sulphides in that they comprise chalcopyrite and/or pyrite ±
marcasite with only minor pyrrhotite; pentlandite is absent. Experimental studies by
Schoonen and Barnes (1991) demonstrate that pyrite and marcasite can form from the
interaction of a crystalline FeS precursor phase and a solution between 100 and 300°C.
In the RVI, the precursor was most likely pyrrhotite.
In the samples examined, hydrothermal sulphides are much more abundant than
magmatic sulphides. Hydrothermal sulphides have been observed in the mineralized zone
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close to the intrusion contact but are also found at least 150 m from magmatic sulphides
(Fig. 3.17) and are much more widely dispersed than the magmatic sulphides. This is
consistent with the distribution of alteration assemblages through the RVI, with which
hydrothermal sulphides are closely associated. This is consistent with the observations of
other workers, including Peck et al. (2001), who described sulphides up to 400 m from
the lower margin of the intrusion. They also described structurally-controlled,
disseminated sulphides comprising chalcopyrite, pyrite and pyrrhotite and stated that
these sulphides are associated with silicification and amphibole and chlorite alteration
(Peck et al., 2001). Jobin-Bevans (2004) also mentions that a drill hole from Dana Lake
does not contain sulphides with typical magmatic textures and that the sulphide
mineralization is associated with alteration patches that comprise biotite, hornblende and
epidote. Even though these studies mention late sulphide formation, the models for the
sulphide mineralization suggest the sulphide mineralization formed entirely magmatically
(e.g. Peck et al., 2001; Jobin-Bevans and Keays, 2005). Neither model takes postintrusion hydrothermal fluids into consideration as a method for the dispersion of
sulphides or PGE through the RVI. In contrast to other studies, this study has included
detailed petrographic characterization of the mineralization, from which it is evident that
the majority of sulphides present in the RVI are hydrothermal in origin and that the
proposed magmatic models, while important for initial emplacement of the PGE, cannot
entirely account for the distribution and mineralogical character of all PGE and sulphide
mineralization.
The majority of platinum group minerals, in all samples studied, are associated with the
hydrothermal replacement assemblages or hydrothermal sulphides. As stated above, there
have been no PGM found in unaltered clinopyroxene or plagioclase. Augé et al. (2002)
suggested that PGM (specifically isoferroplatinum, braggite and malanite) which have
crystallized early in the evolution of a magma could be hosted by plagioclase and
pyroxene as inclusions and there is no evidence for this at River Valley. Platinum group
minerals that appear to be hosted by plagioclase are invariably hosted by a replacement
mineral at the reaction boundary between the plagioclase and replacement mineral
(typically amphibole) (Fig. 3.22A). Significantly, sulphides and PGM that have textures
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indicating precipitation from hydrothermal fluids are restricted to altered portions of a
rock which may be immediately adjacent to unaltered portions that are sulphide- and
PGM-free (Fig. 3.9). This indicates a strong PGM association with alteration minerals
and hydrothermal sulphides. In only one sample, from Spade Lake, was there strong
evidence to support alteration of sulphides that were originally magmatic. The sulphides
in this sample (Fig. 3.10) comprise vuggy pyrite and later marcasite, which cannot have
crystallized from a sulphide liquid, yet the overall texture is indicative of interstitial
magmatic sulphides. There does not appear to be a correlation between the abundance of
sulphides (magmatic or hydrothermal) and the presence or absence of PGM.
Wood (2002) stated that common PGM found in hydrothermal environments include
kotulskite, michenerite, merenskyite and sperrylite. In their summary of PGM in lowsulphide deposits, Campos-Alvarez et al. (2011) note that PGM that are interpreted to
have formed from hydrothermal fluids are dominated by Pd-rich phases and are generally
lacking in PGE sulphides and Fe-PGM alloys (e.g. Rowell and Edgar, 1986; Edgar and
Sweeny, 1991; Watkinson and Ohnenstetter, 1992; Watkinson and Melling, 1992; Farrow
and Watkinson, 1997; Carter et al., 2001; Augé and Lerouge, 2004; Holwell et al., 2006;
Wang et al., 2008). Platinum group minerals that tend to dominate are bismuthtellurides
(e.g. sobolevskite-kotulskite, moncheite, merenskyite), arsenides/sulpharsenides (e.g.
sperrylite, hollingworthite), and antimonides. Isomertieite (Pd11As2Sb2) has also been
found in hydrothermal deposits (Cabri et al., 2002). Hydrothermal PGM at River Valley
are mostly isomertieite and kotulskite. Lesser Pd-phases comprising aresenopalladinite
and several unnamed PGM (Pd-Au-Te-As-Sb phases) are present. There are no PGE
sulphides or Fe-PGM alloys found hosted in hydrothermal minerals. The hydrothermal
PGM assemblages at RVI are analogous to hydrothermal PGM found in different deposits
around the world.
Armitage et al., (2002) and Holwell et al. (2006) suggested that the Platreef formed
hydrothermally, during or immediately after crystallization of the silicate and sulphide
liquids, and not by fluids that were introduced well after crystallization. Both have
documented that there are no PGE-sulphides and only a few sulphur-bearing PGM in the
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Platreef. The lack of PGE-sulphides was interpreted by Holwell et al. (2006) to reflect
low 𝑓S2 and suggested that 𝑓S2 was too low to stabilize PGE sulphides. However, there
are many factors that influence the deposition of PGE in any given environment, e.g. PGE
tenor, 𝑓O2 (Jugo, 2010). The stability of PGE phases in aqueous systems is poorly
understood and there is a lack of quantitative data of how these phases act while dissolved
in fluids with changing conditions. There is a lack of PGE-sulphides at RVI and if there
was low 𝑓S2 at the time of PGE crystallization, this may explain the low concentrations of
sulphides and low whole-rock S within the deposit.
Platinum group minerals classified as hydrothermal could have originally crystallized
with the magmatic sulphides and/or magmatic silicates. Barnes et al. (2007) suggested
three possible reasons for the dissociation of Pd-PGM with base-metal sulphides in the
Penikat metamorphosed layered intrusion (in PGE-reefs): 1) dissolution of base-metal
sulphides, leaving insoluble Pd-PGM behind; 2) metamorphic fluids could have
introduced Pd into the intrusion; 3) the Pd could have been mobilized into the silicates
adjacent to the base-metal sulphides. Hanley (2005) states that one cannot say that PGM
hosted in hydroxysilicate alteration assemblages are hydrothermal in origin as sulphides
may have been replaced by these assemblages. However, at the RVI, there is little
evidence of sulphide dissolution because magmatic sulphides are relatively unaltered
even when adjacent silicates have been completely replaced by hydrothermal
assemblages. Platinum group minerals have been identified at least 100 m from the
Breccia Zone and this would suggest significant mobilization of PGE from near the
intrusive contact. Platinum group minerals are located in samples that have very little
sulphide present and so mobilization of Pd (or other PGE) from base-metal sulphides into
adjacent silicates as the only mechanism for PGM formation is unlikely. Barnes et al.
(2007) fail to take other possibilities into consideration for the dissociation of PGM from
sulphides. They suggest that metamorphic fluids could have introduced Pd but do not
mention hydrothermal fluids as a method for leaching PGE from the sulphides and
redepositing the PGE as PGM elsewhere in the deposit (not just adjacent to the basemetal sulphides).
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Some researchers describe the mineralization in the EBLI suite (including RVI) as “PGErich sulphide mineralization” (Peck et al., 1995; Hrominchuk, 1999; Hrominchuk, 2000;
Peck et al., 2001; James et al., 2002a; James et al., 2002b) and this description appears to
have been based on the relationship of high whole rock PGE concentrations with visible
sulphides in core (and some thin sections), and the positive correlation of whole-rock
PGE and S concentrations. In general, the consensus is that sulphide mineralization was
formed magmatically during the intrusion emplacement. However, as presented above,
the mineralogy and textural characteristics of many of the sulphides and PGM do not
suggest an entirely magmatic model of formation. The whole rock data obtained in this
study does not show a strong correlation between PGE and sulphur except for samples
with the highest PGE concentrations (Fig 3.20). In addition, samples that contain the
highest concentrations of PGE all contain some sulphur (Fig. 3.20). There are samples
with high PGM concentrations that have little sulphide present and are extremely altered
(Fig. 3.5D). Most of the PGM are hosted in alteration silicates and not in sulphides.

Model for the formation of sulphide and PGE mineralization in the RVI
Based on observations from this study, sulphide and PGE mineralization resulted from
original emplacement by magmatic processes during intrusion of the Breccia Unit, and
then hydrothermal redistribution of the sulphides and PGE into PGM. Magmatic
sulphides, representing exsolvation from mss, are present in samples in the Breccia Unit,
close to the intrusion contact. Platinum group minerals are hosted by these sulphides and
appear to have exsolved from the sulphide melt. At least two fluid flow events occurred,
although the absolute timing of these events is unknown. It is possible that they were
related to the Grenville orogeny, although were clearly not associated with pervasive
deformation, or were later. Mineral chemistry of amphiboles in sheared zones are similar
to amphiboles that were not sheared suggesting that the amphiboles were formed at the
same time and then deformed at a later date. The first fluid event, represented by
assemblage 1 and dominated by amphibole and chlorite, was widespread and affected all
of the mineralized zones in the RVI, however, the fluid-rock ratio is variable across the
property as the proportions of the replacement minerals vary across the intrusion. This
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early fluid event caused redistribution of sulphides and PGM from the magmatic sulphide
assemblages into hydrothermal silicate and sulphide assemblages. The second fluid flow
event resulted in the replacement and veining of assemblage 1 by assemblage 2. This
mineral assemblage is characterized by the presence of K-feldspar, which gives the
altered rock a bright orange colour and is easily identifiable. Areas in core that have been
completely replaced by this mineral assemblage have some of the highest concentrations
of PGE in the RVI, which suggests that further redistribution of PGE occurred during the
second fluid flow event.
A fundamental question that arises from the observations and model presented above is:
what is the source of the sulphur and PGE in the hydrothermal assemblages? The textural
and mineralogical character of the magmatic sulphides indicates that they were relatively
unaffected by the documented water-rock interaction and do not show evidence of
dissolution or replacement. The most likely scenario is that the sulphur and PGE that
formed the hydrothermal assemblages were leached from magmatic sulphides. The
generally pristine nature of magmatic sulphides and PGM in the ore zones with which the
hydrothermal assemblages are associated, however, indicates that they were largely not
derived from magmatic sulphides locally. There is one sample with a magmatic texture,
from the reef-like mineralization at Spade Lake, where it would appear that magmatic
sulphides have been completely replaced by pyrite and marcasite. Presuming that this
assemblage was originally Cu and PGE-enriched, replacement would have resulted in the
release of these metals into the fluids for redistribution into the types of assemblages seen
in the other zones. Such replacement textures do occur in other magmatic aggregates
(Fig. 4.1), but this is uncommon. Why such replacement textures are not more
widespread is an enigma, but could reflect the relatively limited number of thin sections
examined in this study, relative to the volume of rock represented by the deposits.
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Figure 4.1. Alteration of pyrrhotite (Po) along fractures in the Dana Lake South zone
(Ref).
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Presence or absence of mineralogical and/or geochemical haloes
Silicate mineralogical haloes around the mineralized zone were not identified at River
Valley. There does not appear to be any systematic changes in mineralogy or in the
chemistry of amphibole, the mineral with the largest data set, around the mineralized
zone. A sulphide mineralogical halo was, however, identified. Magmatic sulphides,
comprising pyrrhotite and chalcopyrite, are located within 50 m of the intrusion contact
and the mineralized zone. Hydrothermal sulphides, comprising pyrite and chalcopyrite,
are found throughout the samples at RVI and can be found at least 200 m from the
Breccia Zone.
Factor analysis was used to determine elemental correlations (Table 3.3). Factor 1
elements are the lithophile and HFS elements and likely represent host rock variations.
Factor 2 shows a strong correlation between precious metals and Cu and Ni plus two
metalloids (Te and Bi). This correlation is not surprising as the majority of PGM
identified are PGE-metalloids and some PGM are hosted by chalcopyrite. Sulphur is the
only element defining factor 9. This suggests that S does not correlate with any other
elements that were analyzed. Sulphur is associated with the mineralized zone, but has
lower concentrations in the hanging wall of the mineralized zone, even where PGE + Au
values are high. This suggests that not all PGE mineralization is correlated to S, i.e. not
all the PGE are found as lattice substitutions in sulphides or as PGM hosted by sulphides
(Fig. 3.20). As stated above, minerals other than sulphides host most PGM, and so the
lack of correlation between PGE and S is not surprising.
Whole rock element distributions from Dana Lake were used to determine if element
haloes were present around the mineralization in the RVI. Whole rock PGE correlates
with Cu and Ni and are concentrated in the mineralized zone (Fig. 3.18). The bulk of the
Ni is most likely in pentlandite, which has not been identified further than 50 m from the
contact such that a strong correlation with the mineralized zone is expected. Nickel can,
however, be found in significant quantities in other minerals, and in particular olivine
(Misra, 2012), and even though olivine is not abundant in the RVI gabbros, it is possible
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that the high whole rock Ni values are from both pentlandite and olivine. If the sum of
the concentrations of the elements that correlate in factor 2 (Au, Bi, Cu, Pd, Pt, Te) are
plotted as a contoured section, there is a distinct halo in which anomalous element
concentrations occur further from the mineralized zone than the precious metal contours.
Since the values of Au, Pt, Pd, Te and Bi are low compared to Cu, this halo is essentially
defined by Cu. The contours are similar in shape to the Au+Pd+Pt contours, however,
this halo begins at least 20 m out from the mineralization as defined by anomalous
concentrations of Au+Pd+Pt (Fig. 4.2). The Cu halo is also evident on downhole plots of
elemental data (Fig. 4.3), especially on hole DL85 where the copper signal kicks
approximately 125 m away from the main Au+Pd+Pt anomaly.
Potassium, Li, F, Be and Rb are concentrated well above the mineralized zone. This zone
of high concentration occurs at least 50 m above the mineralized zone and correlates with
the areas replaced by alteration assemblage 2 (Fig. 3.19). With the exception of Be, these
elements are not concentrated at all in the mineralized zone. An increase of these
elements and the correlation with alteration assemblage 2, which is dominated by
potassium feldspar, is caused by fluid infiltration (specifically, fluid flow event two) in
the intrusion.
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Figure 4.2. Cu contour halo extends out from the mineralized zone further than just the
Au+Pd+Pt contours (values in ppb).
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Figure 4.3. Au+Pd+Pt (top graph) chemistry and Cu (bottom graph) chemistry plotted
against lithological zones in three Dana Lake core. In the DL85 core, a Cu anomaly starts
at about a depth of 260 m whereas the Au+Pd+Pt anomaly doesn’t start until 375 m.
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As some of the rocks affected by alteration assemblage 2 contain high-grade PGE
mineralization and PGM, and as this intense potassic alteration is visually distinctive in
core, the elements that define this anomalous zone could be used as an exploration tool
for PGE mineralization. This assemblage has only been observed at Dana Lake, however,
it would be useful to specifically look for this assemblage in core as it may be a good
indicator of PGE mineralization.
It has been demonstrated that chemical and mineralogical haloes are present in the RVI.
This data would be useful for further exploration within the RVI. Anomalous
concentrations of K, Li, F, Be and Rb above the mineralized zone suggests the presence
of alteration assemblage 2, which correlates with high PGE values. Although PGE
concentrations are clearly the ultimate indicator of mineralizing potential, copper
provides a larger exploration target and vector towards PGE mineralization.
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Chapter 5 - Summary
There were two main objectives for this thesis. The first objective was to determine the
role of hydrothermal fluids in the PGE mineralization in the River Valley intrusion. The
second objective was to determine if there are mineralogical and elemental haloes around
the PGE mineralization that formed due to water-rock or water-magma interaction. The
conclusions are as follows:

•

At least two major fluid-flow events affected the RVI. The earlier event is
represented by the mineral assemblage amphibole ± chlorite ± epidote ± biotite ±
quartz ± carbonate ± sodic plagioclase and the later event by K-feldspar + chlorite
+ quartz ± amphibole ± muscovite ± sodic plagioclase.

•

Magmatic sulphides comprise pyrrhotite ± chalcopyrite ± pentlandite. These are
typically found as centimetre to millimetre aggregates that occur interstitially to
primary silicates and show little evidence of replacement. Magmatic sulphides are
restricted to within 50 m of the intrusion contact.

•

Hydrothermal sulphides comprise chalcopyrite and/or pyrite ± marcasite, and are
typically found disseminated through replacement assemblages and in veins.
These sulphides are found up to 150 m from the mineralized breccia.

•

In samples where replacement is patchy and some primary mineralogy has
survived, there is a clear spatial relationship between the replacement assemblages
and the sulphides, requiring the addition of the sulphides during water-rock
interaction

•

Magmatic PGM are hosted by magmatic pyrrhotite and chalcopyrite. PGM are
typically located at the sulphide-silicate boundaries, but some PGM are located
within sulphide crystals.
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•

Hydrothermal PGM are hosted by replacement assemblage silicates and
hydrothermal sulphides. Platinum group minerals hosted by hydrothermal
minerals are much more abundant than PGM hosted by magmatic sulphides.

•

The occurrence of PGM in magmatic sulphides suggests that the PGE were
originally concentrated through sulphide liquid segregation and exsolution from
primary sulphides.

•

The presence of many hydrothermal PGM and the association of the PGM with
replacement assemblage minerals indicate that post-emplacement fluid flow was
extremely important in redistributing the PGE.

•

At Dana Lake, a mineralogical halo is defined by hydrothermal chalcopyrite and
pyrite, which extends at least 150 m above the mineralized zone; magmatic
sulphides are restricted to within 50 m of the contact.

•

Two elemental haloes are present at Dana Lake. Copper defines a distinct halo in
which anomalous element concentrations occur further from the mineralized zone
than the anomaly defined by Au+Pd+Pt. Potassium, Li, F, Be and Rb are
concentrated at least 50 m above the mineralized zone and correlates with the
areas replaced by alteration assemblage 2.

Future work
There are three recommendations for further work.
Laser ablation ICP-MS on the sulphides would be useful in determining the total
mineralogical distribution of metals in the deposit. Some samples have > 1 ppm
Au+Pd+Pt but do not have any PGM, which suggests the PGE are in the sulphide lattices.
Since magmatic sulphides were only found at Dana Lake and Razor in this study,
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collecting samples containing magmatic sulphides from the other mineralized zones
would give a better overall picture of the metal budget for the whole intrusion.
Determination of the physical-chemical conditions of fluid-rock interaction, and thus
metal remobilization, as well as the origin of the fluids, would be extremely useful in
building a better model for the history of the RVI mineralization. This could be achieved
through thermodynamic modeling of alteration assemblages (phase equilibria), stable
and/or radiogenic isotopic analysis of the hydrothermal assemblages, and fluid inclusion
studies of vein minerals. Furthermore, should suitable minerals exist (e.g. titanite),
geochronological studies would help determine the exact timing of the various fluid flow
events that have affected the intrusion.
Although there is no apparent mineralogical zonation around the mineralized zone, it is
possible that the chemistry of alteration minerals varies away from the mineralization.
Thus, determining the chemistry of alteration minerals (e.g. chlorite, amphibole) and
assessing any spatial variations would be useful in this regard.
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Appendix I: Vein and Alteration Distribution on Dana Lake section
125SE
To determine the distribution of veins and alteration within the Marginal Zone, 3 drill
holes were logged on section 125SE at Dana South: DL-64, DL-68 and DL-85. This
section was chosen as it is typical of the mineralized Marginal Zone, contains significant
PGE mineralization in both the Breccia and the Inclusion-bearing zones, and intersects a
significant portion of the hanging wall above the mineralization.
Systematic logging of vein and alteration distribution through each of the three cores was
performed. In intervals of ~4m, each type of vein, alteration and shear was measured and
counted. In the following tables, each feature that is counted and measured has 2
numbers: the first number indicates the number of that particular vein or alteration patch
and the second number indicates the width of the vein or alteration patch. For example,
6/h = 6 veins that are less than 0.5 mm in width in that interval (h = hairline, < 0.5 mm) or
2/40 = 2 alteration patches, 40mm each in width or 30, 170, 55 indicates 3 of the same
feature, one of each 30, 170 and 55 mm.
The cumulative sum sheet has all intervals for all three holes. A sum for each alteration
or vein type was calculated from the field notes and entered for each interval (e.g. 6/h =
3mm or 2/40 = 80mm).
Abbreviations:
Chl = chlorite
Fld = feldpsar
Qz = quartz
Sil = silica
Sul = sulphide
Ks = potassium feldspar
Epi = epidote
Serp = serpentine
Hem = hematite
Alt = alteration patch or alteration selvage (wrt to veining)
Diss = disseminated
The data for the mapping is found in Appendix XII.
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Figure A.1: Examples of alteration patches, shear zones and vein types logged. A: Patchy
potassium feldspar; B: Patchy silicification with feldspar; C: Disseminated potassium
feldspar; D: Shear zone; E: Disseminated silica; F: Epidote vein; G: Feldspar-quartz vein
with chlorite selvage; H: Potassium feldpsar vein.
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Appendix II: Sample Descriptions
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Appendix III: Whole rock geochemical methods
At SGS Canada, the rocks were crushed, pulverized and analyzed. All samples submitted
for ICP-AES or –MS were digested using multiple acids (hydrochloric, hydrofluoric,
nitric and perchloric acids). Both fluorine and chlorine were determined using the
specific ion electrode method. Au, Pt and Pd were analyzed using fire assay.
Table A1: Elements analyzed, methods used, and detection limits
ANALYTE

METHOD

DETECTION
LIMIT/UNITS

Al
Ba
Ca
Cr
Cu
Fe
K
Li
Mg
Mn
Na
Ni
P
S
Sr
Ti
V
Zn
Zr

IC40A
IC40A
IC40A
IC40A
IC40A
IC40A
IC40A
IC40A
IC40A
IC40A
IC40A
IC40A
IC40A
IC40A
IC40A
IC40A
IC40A
IC40A
IC40A

0.01%
5 PPM
0.01%
1 PPM
0.5 PPM
0.01%
0.01%
1 PPM
0.01%
5 PPM
0.01%
0.5 PPM
50 PPM
0.01%
0.5 PPM
0.01%
1 PPM
1 PPM
0.5 PPM

Cl
F

ISE08B
ISE07A

50 PPM
20 PPM

Au
Pt
Pd

FAI313
FAI313
FAI313

1 PPB
10 PPB
1 PPB

ANALYTE

METHOD

DETECTION
LIMIT/UNITS

Ag
As
Be
Bi
Cd
Ce
Co
Cs
Ga
Ge
Hf
In
La
Lu
Mo
Nb
Pb
Rb
Sb
Sc
Se
Sn
Ta
Tb
Te
Th
Tl
U
W
Y
Yb

IC40M
IC40M
IC40M
IC40M
IC40M
IC40M
IC40M
IC40M
IC40M
IC40M
IC40M
IC40M
IC40M
IC40M
IC40M
IC40M
IC40M
IC40M
IC40M
IC40M
IC40M
IC40M
IC40M
IC40M
IC40M
IC40M
IC40M
IC40M
IC40M
IC40M
IC40M

0.02 PPM
1 PPM
0.1 PPM
0.04 PPM
0.02 PPM
0.05 PPM
0.1 PPM
5 PPM
0.1 PPM
0.1 PPM
0.02 PPM
0.02 PPM
0.1 PPM
0.01 PPM
0.05 PPM
0.1 PPM
0.5 PPM
0.2 PPM
0.05 PPM
0.1 PPM
2 PPM
0.3 PPM
0.05 PPM
0.05 PPM
0.05 PPM
0.2 PPM
0.02 PPM
0.1 PPM
0.1 PPM
0.1 PPM
0.1 PPM

*IC40A: Inductively-coupled plasma atomic emission spectrometry; IC40M:
Inductively-coupled plasma mass spectrometry; ISE: Specific ion electrode; FAI313:
Fire assay
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Appendix IV: Comparison between SEM-EDS and EMPA-WDS
analyses of platinum group minerals

98

Appendix V: Comparison between SEM-EDS and EMPA-WDS
analyses of silicate minerals
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Appendix VI: Mineral chemistry of plagioclase
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Appendix VII: Mineral chemistry of amphibole
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Appendix IX: Mineral chemistry of potassium feldspar
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Appendix X: Mineral chemistry of garnet
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Appendix XI: Element and element ratio distributions
Whole rock geochemistry data from Dana Lake North, section 125SE, cores DL85, DL68
and DL64 were plotted on contour graphs using Grapher software. Scale for each graph
is the unit that the element was measured (e.g. ppb for Au, % for Ca; see Appendix III for
units). First set of graphs are the true element data and the second set of graphs are
element data ratioed to Zr.
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Element distributions
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Element distributions ratioed to Zr
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Appendix XII: Vein and alteration core logging
Results from core logging were plotted down core against Au + Pt + Pd (3E) values to
determine if correlations between different types of veins or alteration existed with PGE
mineralization. The vein or alteration type in each graph are shown as blue bars (vein or
alteration type is listed in legend). Vein and alteration bars are measured in mm (from the
core logging results, Appendix I); 3E values in ppb. The first set of graphs includes Au +
Pt + Pd data obtained from Pacific Northwest Capital Corporation. The second set of
graphs includes Au + Pt + Pd data obtained from SGS Canada for this project.
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Au +Pd + Pt data from PFN
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Au + Pd + Pt data obtained for this study
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Appendix XIII: Factor Analysis
R-mode factor analysis was performed using the Statistica® software package. The
whole rock elemental data set was first tested for normality using skewness/kurtosis and
the Shapiro-Wilk W test. This test determines the W statistic and if the statistic is
significant then the distribution is not normal. The majority of the data failed the ShapiroWilk test for normalcy. Log transformation generally did not increase the number of
elements that passed the Shapiro-Wilk test. Since the majority of the elemental data is not
normal, we cannot use any statistical analyses that assume normal distribution. A
Spearman rank correlation coefficient matrix was calculated because the Spearman
method does not assume a normal data distribution, unlike the common Pearson
correlation coefficients.
Using the Spearman rank correlation coefficient matrix, we calculated a R-mode
factor analysis using principal components extraction. Factor analysis can be used to
simplify geochemical data into a few "factors" (Reimann et al., 2002). This helps in
determining possible correlations and patterns from data with many variables. When
performing factor analysis, it is necessary to choose the number of factors to use before
the analysis is performed. Factor selection is arbitrary, but two tests can help with the
selection. Kaiser (1960) states that factors that have eigenvalues greater than one should
only be accepted. In the scree test (Cattell, 1966), the eigenvalues are plotted against
factor rank, and non-significant factors are those that are higher than the value where the
steady decrease in eigenvalues with increasing rank begins to level off. After the number
of factors is selected, rotation of the data is usually necessary. We used the varimax
normalization method. Factors are defined by the "loading" of a particular element on
each factor. In our analysis, a loading of greater than 0.5 is considered significant because
25% of the variance of the element is accounted for by that loading.
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Factor Loadings chart
Ag
Al
As
Au
Ba
Be
Bi
Ca
Cd
Ce
Cl
Co
Cr
Cu
F
Fe
Hf
K
La
Li
Lu
Mg
Mn
Mo
Na
Nb
Ni
P
Pb
Pd
Pt
Rb
S
Sb
Sc
Sr
Ta
Tb
Te
Th
Ti
Tl
U
V
W
Y
Yb
Zn
Zr
Expl.Var
Prp.Totl

Factor 1
0.09566
-0.40835
0.02994
-0.09266
0.24393
0.43678
-0.01095
-0.14421
0.20666
0.92323
0.24858
-0.04037
-0.03334
0.07479
0.28729
0.16324
0.93213
-0.02979
0.91949
-0.17643
0.84314
0.00739
0.12137
0.62155
0.06436
0.91145
-0.08665
0.70815
0.25328
-0.18306
-0.22924
0.02021
-0.02232
0.01042
-0.08873
-0.03981
0.88895
0.87250
-0.01063
0.94515
0.61371
0.11417
0.79196
0.23085
0.69938
0.85519
0.85218
0.31896
0.91269
12.29035
0.25082

Factor 2
0.648618
0.014977
0.227491
0.900472
-0.043730
0.007817
0.733725
-0.012654
0.644805
-0.041296
-0.102367
0.291697
-0.003101
0.827725
-0.145340
0.020646
0.026652
-0.004355
-0.048188
0.077465
-0.143121
0.144299
-0.076124
-0.045114
-0.023721
0.020468
0.545989
0.147872
0.137786
0.915922
0.866868
-0.091046
0.292478
0.189179
0.205551
0.212819
0.045411
-0.135185
0.926253
0.065630
-0.159764
0.209132
0.071368
0.024772
-0.083950
-0.182506
-0.145493
0.168899
0.029397
6.297885
0.128528

Factor 3
0.024436
-0.170173
-0.298666
0.155184
-0.691623
-0.230348
-0.241270
0.163283
0.018038
-0.166563
-0.163374
-0.112189
-0.000853
0.046682
-0.271330
0.089482
-0.101252
-0.679550
-0.172078
-0.176851
0.037693
0.075967
0.201662
-0.115613
0.026646
-0.124970
0.032321
0.012663
-0.141478
0.009982
-0.026568
-0.809938
0.087818
0.101565
0.181009
0.078549
0.139849
-0.055061
-0.280250
-0.019494
-0.069246
-0.813495
0.015851
0.002045
0.118563
0.007434
0.046365
0.057859
-0.104771
3.054655
0.062340

Factor 4
-0.046365
-0.741658
0.179057
0.025072
-0.153275
0.011963
-0.178001
-0.137948
-0.269502
-0.088720
0.274351
0.370565
0.520260
-0.089267
0.387798
0.284808
0.055294
-0.011819
-0.137080
0.039546
0.176310
0.467902
0.253035
-0.178374
-0.856786
-0.121199
0.156548
-0.198686
-0.663511
0.051830
0.118234
0.112576
-0.042722
-0.111771
0.564830
-0.795197
0.025903
0.136681
-0.076507
0.077577
-0.177836
-0.111169
-0.038255
0.045506
-0.059118
0.173795
0.185453
-0.096129
0.064402
4.240146
0.086534

Factor 5
0.509726
-0.175106
0.483274
0.053562
-0.203718
0.068578
0.392292
0.073964
0.280017
0.140254
-0.037303
0.714073
-0.278167
0.104659
0.195330
0.245853
-0.102723
0.058443
0.129476
0.407898
0.190740
0.282862
-0.018247
-0.274148
-0.170903
-0.163814
0.669124
-0.160343
0.354681
-0.082872
-0.018641
-0.051667
0.211238
0.754981
-0.198265
-0.126534
-0.098996
0.202423
0.284558
-0.132990
-0.066294
0.143891
-0.104930
-0.081135
0.051597
0.188132
0.200770
0.274991
-0.100335
3.609050
0.073654
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Factor 6
0.047918
-0.126654
-0.246151
0.131428
0.011429
-0.255524
-0.264228
0.015897
0.165190
0.015406
0.047535
0.298850
0.303809
0.261983
-0.033959
0.815720
0.154475
-0.412708
0.009535
-0.327888
0.252335
0.125787
0.788579
-0.138266
0.016313
0.095982
0.113405
0.334678
-0.123946
-0.042799
-0.125004
-0.280131
-0.054860
-0.017125
0.548320
-0.002904
-0.031919
0.141887
-0.213090
-0.036519
0.639835
0.084122
-0.233895
0.829654
0.023371
0.199766
0.231585
0.651911
0.206826
4.539386
0.092641

Factor 7
0.035233
-0.027546
-0.291500
0.139553
0.271549
0.670871
-0.030292
-0.841096
-0.107580
0.042944
0.021359
0.071343
0.039776
0.089292
0.613444
-0.069886
-0.011230
0.430057
0.029905
0.509103
-0.105824
0.052595
-0.305355
0.051242
-0.013696
0.073216
0.071611
0.134546
-0.117176
-0.026153
-0.121535
0.300366
0.121176
0.060177
-0.113858
-0.171913
0.318625
0.044120
-0.092653
0.200668
0.009541
-0.061506
0.093360
0.057036
0.023291
-0.017064
-0.076226
-0.124207
-0.035758
2.703840
0.055180

Factor 8
0.040708
-0.012587
-0.065383
-0.007960
-0.132702
0.115929
0.130158
0.222902
-0.024205
0.103280
0.687530
0.069106
-0.225712
0.011863
0.283114
-0.070565
-0.101869
0.272692
0.073071
0.306022
0.214013
-0.374300
-0.140166
-0.220466
-0.291479
-0.100686
-0.086855
0.028416
0.086955
-0.096791
-0.145353
0.211310
-0.023311
-0.051329
0.148533
-0.156229
-0.225184
0.234270
-0.035249
-0.066585
0.098809
0.022818
-0.283281
0.266511
0.202126
0.256964
0.225883
-0.433749
-0.131206
2.038550
0.041603

Factor 9
0.378269
-0.262071
0.406805
0.069401
-0.176398
0.112894
0.036613
-0.080386
0.149892
0.009134
-0.008388
0.211885
0.147899
0.199723
-0.040625
-0.039375
-0.089208
-0.080690
0.023791
-0.097337
0.012953
-0.398707
-0.136768
0.251035
-0.023009
-0.134205
0.160980
0.109631
0.198997
0.050753
-0.125025
-0.148389
0.758690
-0.022439
-0.021689
0.174254
0.137025
-0.017189
-0.101831
0.029396
-0.035977
0.262752
0.215687
0.039901
-0.069059
-0.041168
-0.000789
-0.070125
-0.080968
1.741526
0.035541

Appendix XIV: Platinum group element descriptions and mineral
chemistry
Note: Abbreviations: sil: silicate; sulph: sulphide; mag: magmatic; hydro: hydrothermal;
encl sil: enclosed in silicate; encl sulph: enclosed in sulphide; sulph-sil: hosted by
sulphide at sulphide-silicate boundary; sil-sulph: hosted by silicate at silicate-sulphide
boundary
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